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Abstract 
 
Here, I characterize a root-branching hypermorph of Lotus japonicus, called cluster root-
like1 (crl1), which originated from a har1-1 suppressor screen. I have shown that the crl1 
root phenotype is determined by two independently segregating recessive mutations, 
har1-1 and Ljamp1-1, with corresponding HAR1 and LjAMP1 encoding an 
LRR-receptor-like kinase and a predicted homologue of the Arabidopsis ALTERED 
MERISTEM PROGRAM 1 protein, respectively. Unlike har1-1, the Ljamp1 mutation 
does not affect the symbiotic properties of L. japonicus Gifu but exerts a pleiotropic 
effect on shoot development. Root architecture, however, is regulated by a synergistic 
action of HAR1 and LjAMP1, as the simultaneous impairment of these two genes results 
in the determinate root growth phenotype. The steady state levels of several L. japonicus 
CLE transcripts are shown to be dramatically altered in har1-1 and Ljamp1-1 roots. The 
corresponding CLE peptides in conjugation with HAR1 and LjAMP1 may be crucial in 
specifying root architecture. 
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Chapter 1 : Introduction 
 
1.1 An elemental issue 
The seeds of the green revolution planted in the 1940’s dramatically increased 
crop yield to previously unattainable levels (Gewin, 2010). This increase was achieved by 
primarily focusing on improving shoot biomass to increase yield and was mainly driven 
by genetic improvements combined with the heavy use of industrial fertilizers. The latter 
provides what is often the limiting nutrient in plant growth (Den Herder et al., 2010). 
Nitrogen and phosphorus comprise two of the four most limiting factors of plant growth, 
the other two being water and sunlight. Unlike sunlight and water, the availability of the 
two elemental nutrients is usually extremely limited in natural environments 
(Raghothama, 1999). 
1.2 The uptake and integration of nitrogen and phosphate into plant 
biomass is a pre-requisite for a host of biological processes 
Nitrogen is vital for protein synthesis, chlorophyll production and is required for 
nucleic acid anabolism (Khan and Ansari, 2005). In the reduced state nitrogen can form 
direct covalent bonds with the C, H and O of plant organic matter or engage in covalent 
bonds with plant metabolites (Canfield et al., 2010). Without an abundant source of 
nitrogen plant growth is stunted and low concentrations of nitrogen in leaf tissue can 
decrease net photosynthetic capacity by as much as 10-50 fold (Papendick et al., 1983). 
Application of nitrogen via fertilizers mitigates the effects of plant nitrogen starvation.  
The largest reservoir of nitrogen, gaseous N2 of the Earth’s atmosphere, is 
generally unavailable for use by most organisms (Papendick et al., 1983). Nitrogen 
fixation by prokaryotes, or eukaryotes in tandem with prokaryotes, breaks the dinitrogen 
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triple bond and sequesters nitrogen into biologically accessible ammonia (Canfield et al., 
2010). Biologically available forms of nitrogen maintain equilibrium with the 
atmospheric N2 in a natural cycle (Vitousek et al., 1997).  
The Haber-Bosch process produces gaseous ammonia from atmospheric 
dinitrogen (Chapin et al., 2004). This is an endergonic process and the burning of fossil 
fuels provides the necessary energy input. The resulting ammonia is then processed 
further and used as a fertilizer additive. Nitrogen fixation via the Haber-Bosch process is 
estimated to fix 9.7x10
12
 mol/year of nitrogen, exceeding collective natural terrestrial 
nitrogen fixation by 1.8x10
12
 mol/year (Gilroy and Jones, 2000). Anthropogenic fixation 
of nitrogen pushes the equilibrium of the nitrogen cycle towards the biologically 
available forms, thereby increasing the levels of non-N2 nitrogen gases in the atmosphere 
(Papendick et al., 1983). As a result, nitrous oxide, nitric oxide and ammonia accumulate 
and have been implicated as greenhouse gases and precursors to acid rain.  
Inorganic phosphate (Pi) is required by plant tissue for biochemical processes 
ranging from energy metabolism to the regulation of enzymes (Raghothama, 1999). The 
concentration of phosphate in plant tissues is, however, several orders of magnitude 
higher than what is found in typical soil. Fortification of soils with phosphorus-
containing fertilizers can reduce phosphate starvation responses (PSR) in plants, but 
phosphorus sources are becoming increasingly limited and thus expensive (Calderón-
Vázquez, 2011). Producing phosphorus containing fertilizers requires mining rock 
phosphate, the main source of industrial phosphorus (Cordell, 2011). Recent estimates 
predict global demand for rock phosphate will eclipse supply by the year 2035, and 
worldwide deposits may be completely depleted by the end of the century (Cordell, 
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2011). Taken together, world food production and security is now directly linked with 
nitrogen and phosphate supply. 
1.3 The curse of the Green Revolution  
Being indispensable for modern agriculture, fertilizers pose an immediate threat 
to the environment. Heavy irrigation of fertilized land can degrade water quality and 
salinize otherwise arable land. Once leached into groundwater phosphorus or nitrogen 
can be carried to rivers, lakes or oceans. Algae, the primary producers in aquatic 
ecosystems are maintained by nutrient supply. Algae in freshwater ecosystems are growth 
limited by the concentration of phosphorus while coastal algae are growth limited by the 
availability of nitrogen (Vitousek et al., 1997; Chapin et al., 2004). Algal blooms, 
triggered when these nutrients become readily available, can dramatically change these 
ecosystems. Aquatic ecosystems overrun by algae are associated with a reduced euphotic 
zone, depleted oxygen supply, lowered biodiversity and an increase in algae produced 
toxins (Chapin et al., 2004).  
A non-linear relationship has been shown to exist between crop yield and nutrient 
leaching in regards to fertilizer application (Foley, 2005). For example, a 30% reduction 
in baseline fertilizer application reduces maize yield and nitrate leaching in the Upper 
Mississippi Basin by nearly 10% and 40%, respectively. Conversely, a 30% increase in 
baseline fertilizer application increases the crop yield by less than 5% but increases 
nitrate leaching by 50% (Foley, 2005). In Canada, the agricultural sector is responsible 
for about 82% of the phosphorus and 49% of the direct nitrogen pollution, mostly 
through run-off from fertilized soils and livestock farming. The seriousness of 
nutrient-enrichment is highlighted by a United Nations Environmental Program Report, 
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which has identified excessive fertilization as one of the most significant threats facing 
the world (UNEP, 2012).  
1.4 Nutrient acquisition via root architecture modification 
With all the environmental and economic costs associated with the production and 
application of industrial fertilizers, one of the major goals of the agricultural sciences is 
to enable crop species to better scavenge for limiting nutrients. These efforts have shifted 
the spotlight of study from the shoot to the root (Gewin, 2010).  
All plants have the ability to modify their growth depending on the availability of 
nutrients. Plants can alter their pattern of root development, otherwise referred to as root 
architecture modifications. The extent of this adaptive behaviour is often species-specific 
and the mechanisms involved are diverse but can be categorized on the basis of 
conservation of nutrient use or improved nutrient uptake (Vance, 2001; Chapin et al., 
2004).  
Faced with nutrient starvation, plants can relocate internal nutrient stores 
(Schachtman et al., 1998). Phosphate can be shuttled from older leaves to actively 
growing young leaves. This is achieved by draining the inorganic phosphate as well as 
breaking down organic phosphate in older leaves. Plants can also disproportionately alter 
their growth rate to diminish nutrient demands (Raghothama, 1999). This strategy leads 
to root-specific modifications that allow for enhanced nutrient uptake by increasing the 
root to shoot ratio. Expanding the root tissue provides a larger surface area for the root to 
find untapped nutrient patches. Morphologically, the root diameter is often decreased 
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while simultaneously increasing the area of the root’s surface capable of absorbing 
nutrients via the formation of root hairs (Vance, 2001).  
Root hairs, unicellular tube-like outgrowths of root trichoblasts, increase root 
surface area (Gilroy and Jones, 2000). They allow the roots to come into physical contact 
with a greater volume of soil and act as hubs for nutrient uptake. Roots and root hairs also 
have the ability to increase expression of both nitrogen and phosphorus transporters 
(Raghothama, 1999; Gilroy and Jones, 2000). These transporters are upregulated when 
the plant is starved for nutrients or in the presence of a nutrient patch (Raghothama, 
1999).  
Nutrient patches are an extremely potent extrinsic motivator of plant root 
modification. Proliferation of lateral roots in response to localized nitrate patches 
represent one example of such a modification (Walch-Liu, 2006). In Arabidopsis 
thaliana, plants grown on segmented agar plates showed increased lateral root 
proliferation in zones where nitrate was applied (Zhang, 1999). Other elemental nutrients 
such as iron have been shown to increase the rate of lateral root proliferation as well 
(Giehl et al., 2012).  
Even with an expanded root surface some nutrients need to be mobilized before 
their uptake. Rock phosphate is a sedimentary rock that contains high concentrations of 
minerals bearing phosphates. Plants can mobilize the mineral bound phosphates into Pi 
by exuding organic acids and chelators into their rhizosphere (Raghothama, 1999). Roots 
are able to recognize local patches of rock phosphate and efficiently release organic 
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acids, minimizing loss of carbon compounds while harvesting vital Pi (Schachtman et al., 
1998).  
An amalgam of root adaptations known as cluster roots are found mainly in the 
flowering plant family Proteaceae but are also known to exist in several other plant 
species, including legumes (Neumann and Martinoia, 2002). Cluster roots are a natural 
plant adaptation characterized by the formation of clusters of short lateral rootlets with 
limited growth capacity. Plants that can form cluster roots are well suited for survival in 
environments with extremely low soil fertility, due to the ability to quickly mobilize 
nutrients from the rhizosphere. Cluster roots use a combination of nutrient sensing, lateral 
root proliferation and organic acid exudation to acquire nutrients. Low levels of internal 
phosphorus or to a lesser extent iron are primary driving factors in cluster root formation. 
Briefly, the change in root architecture is stimulated by phosphorus starvation. Low 
levels of internal phosphorus signal the root to begin scavenging for nutrients. The plant 
proliferates a network of rootlets with determinant development which extend in all 
directions to scavenge. Localized patches of nutrients can also stimulate this response. 
Once the cluster roots find their target they form root hairs and begin exuding organic 
acids into their rhizosphere (Skene, 2000). A soil pH of 7 can be acidified to pH 4 by 
mature cluster roots (Neumann and Martinoia, 2002). Once the nutrient patch has been 
depleted, the cluster roots begin to deteriorate over the course of several weeks. Cluster 
roots are believed to be one of three major adaptations vascular land plants have 
developed to acquire nutrients (Skene, 2000). The other two adaptations comprise 
beneficial associations with soil microbes. 
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1.5 Nutrient acquisition via symbiosis 
Mycorrhizal symbiosis is the relationship between soil fungi and plant roots 
(Parniske, 2005). Estimated to be at least 400 million years old, mycorrhizal symbiosis is 
thought to be an important contributor to the colonization of land by early plant species 
(Pirozynski, 1975; Porras-Alfaro, 2011). The most pervasive type of mycorrhizal 
interaction is the arbuscular mycorrhizal (AM) symbiosis, occurring in up to 80% of 
terrestrial flowering plant species (Parniske, 2005). In short, a fungus colonizes the root 
cells while creating a large network of extraradical hyphae that obtain and transport 
mineral nutrients, primarily phosphate but also nitrogen and other microelements, to the 
host plant (Porras-Alfaro, 2011). Furthermore, AM symbiosis may endow host plants 
with benefits independent of nutrient acquisition, as it has been shown to increase the 
resistance of plants against pathogens, such as the winter annual grass Vulpa ciliate to the 
infectious fungus Fusarium oxysporum (Newsham, 1995). Mycorrhizal symbiosis may 
also have set in place one of the precursors for the much more exclusive nitrogen fixing 
symbiosis of roots with rhizobial bacteria. Rhizobial symbiosis and mycorrhizal 
symbiosis are separated by ca. 340 million years but the host plants share a core set of 
plant genes termed “common symbiosis genes”, which are required for both types of 
symbiosis (Kistner and Parniske, 2002; Held, 2010).  
 Rhizobial symbiosis is the mutualistic adaptation which a restricted number of 
plant species can undergo with beneficial soil bacteria to acquire nitrogen (Djordjevic et 
al., 1987). Soil bacteria, commonly known as rhizobia, enter and colonize root tissue, 
starting a cascade of developmental changes. Colonization begins with bacterial secretion 
of lipochito-oligosaccharide signaling molecules, generally referred to as nodulation or 
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Nod factors (Charpentier and Oldroyd, 2010). In response, the host plant undergoes two 
root specific programs, the epidermal and cortical. The two programs are interlinked and 
culminate in the formation of a plant derived organ, the root nodule, which hosts rhizobia 
within intracellular compartments. Symbiotic root nodules constitute a tremendous 
evolutionary invention, because they allow the host plant to harness the abundant 
atmospheric nitrogen, which renders its growth independent from soil nitrogen.  
1.6 Legumes: the green evolution 
Each of the modifications discussed thus far are possible avenues to reduce 
dependence upon costly agricultural inputs. Legumes are at the pinnacle of nutrient 
acquisition research as they are able to perform all of the three major adaptive strategies 
mentioned above. Exclusively, the legume family is one of only ten families of flowering 
plants that can form nitrogen-fixing root nodules with rhizobia (Kistner and Parniske, 
2002).  
The legume family is comprised of an extremely diverse range of genera, from the 
beautiful woody climbing vines of the genus Wistera, to the highly prized Brazillian 
rosewood in the genus Dalbergia and the floating aquatic water mimosa in the genus 
Neptunia (Doyle and Luckow, 2003). Agriculturally important legume crop varieties 
include: Glycine max (soybean), Pisum sativum (pea), Cicer arietinum (chickpea), 
Arachis hypogaea (peanut), Medicago sativum (alfalfa) and the genus Phaseolus (bean 
family). The legume family is second only to the Poaceae family (members include rice, 
wheat and maize) in terms of global economic importance (Graham, 2003). 
9 
 
 
7
3
 
The use of legumes as a model organism for research dates back to the patriarch 
of classical genetics, Gregor Mendel, who famously studied the common garden pea. 
Modern legume genetics research is heavily biased towards the legume family’s ability to 
scavenge for nutrients, especially their ability to undergo both AM and rhizobial 
symbioses. The ambitious goal is not only to understand and improve the genes and 
signaling networks which dictate AM and nitrogen fixing symbiosis in legumes, but also 
to transfer the nitrogen fixing ability to non-legumes. It is towards this end that model 
legumes plants, including Lotus japonicus, were developed and constitute a mainstay of 
current legume research (Szczyglowski & Stougaard, 2008). 
1.7 Lotus japonicus, a model legume 
Native to the Far East, L. japonicus can be commonly found in Korea, China and 
Japan (Handberg and Stougaard, 1992; Szczyglowski and Stougaard, 2008). L. japonicus 
undergoes AM symbiosis with fungi of the phylum Glomeromycota, and partners 
specifically with Mesorhizobium loti to form nitrogen fixing nodules (Handberg and 
Stougaard, 1992; Szczyglowski et al., 1998). 
L. japonicus has many advantages over agricultural legume species. It has a small, 
diploid genome of approximately 470 Mbp; soybean and the garden pea have genomes of 
1100 Mbp and 4340 Mbp, respectively (Young, 2003). L. japonicus’s haploid genome is 
organized into six chromosomes, as compared to soybeans 20 haploid chromosomes. It 
has a relatively short generation time of three to four months (Handberg and Stougaard, 
1992). A large number of seeds can be easily collected from a single plant as L. japonicus 
does not display seed scattering and shows several consecutive rounds of flowering and 
seed setting. Of particular importance to plant breeding strategies, L. japonicus can be 
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hand pollinated. Callus formation and subsequent regeneration of transgenic plants from 
L. japonicus explant material is favourable under laboratory conditions (Handberg and 
Stougaard, 1992). In addition, L. japonicus can successfully form transgenic adventitious 
roots via hairy root transformation with Agrobacterium rhizogenes. Finally, more than 
90% of L. japonicus genome sequence in currently available in the public domain 
(http://www.kazusa.or.jp/lotus/index.html), facilitating various functional analyses.  
1.8 Discovery of the HAR1 locus 
In an attempt to find loci pertinent to root nodule formation, Szczyglowski et al. 
(1998) conducted a large mutational screen using 5000 L. japonicus seeds treated with 
ethyl methanesulfonate (EMS). All fertile individuals were propagated and screened for 
symbiotic abnormalities. The mutant lines were categorized based on nodulation 
phenotypes. Three classes were designated: those that did not nodulate, those that formed 
visible but abnormal nodules, and those that formed an excessive number of nodules 
(hypernodulating). The final class contained only one line, Ljsym34-1. When inoculated 
with M. loti, Ljsym34-1 lacked regulation of nodule number. This, in turn, lead to 
hypernodulation with a concomitant suppression of root and shoot growth (Wopereis et 
al., 2000). The locus was named HYERNODULATION ABERRANT ROOT FORMATION 
or HAR1, and was primarily studied for its role in the autoregulation of nodulation 
(AON) (Wopereis et al., 2000; Nishimura, 2002). AON represents a feedback regulatory 
mechanism that allows the plant to limit nodulation events and thus maintain a balance 
between nodule formation and plant growth (Nishimura, 2002). HAR1 was found to 
encode a leucine-rich repeat receptor like-kinase (LRR-RLK), which mediates shoot to 
root feedback signaling during AON (Krusell et al., 2002; Schnabel, 2005). The har1-1 
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(loss of function) mutant shoots grafted to wild-type roots displayed hypernodulation 
while the reciprocal graft displayed wild-type nodulation, indicating that a shoot derived 
signal requiring HAR1 is responsible for AON (Buzas and Gresshoff, 2007).  
In stark contrast to the plethora of research directed at HAR1’s role in AON, the 
phenotypic traits har1 mutants display under uninoculated conditions are largely 
unexplored. Under sterile growth conditions, the har1-1 mutant shows increased root 
branching with primary root length reduced by ~50% as compared to wild-type plants 
(Wopereis et al., 2000). Importantly, this non-symbiotic root phenotype is shared by all 
L. japonicus plants carrying deleterious alleles at the HAR1 locus, which indicates that in 
addition to its role during nodulation, the HAR1 receptor is an important determinant of 
root architecture.  
Indeed, the size of root apical meristem (RAM) of developing har1-1 plants is 
significantly reduced and distally shifted as compared to wild-type plants and this is 
associated with the increased rate of lateral root formations, which gives the bushy 
appearance to har1-1 roots (Wopereis, et al., 2000). Under these conditions the shoots of 
the har1-1 mutant appears phenotypically similar to wild-type plants. The molecular 
underpinnings for the changes in root architecture of uninoculated har1-1 are currently 
not understood. 
1.9 Molecular signaling in the root apical meristem 
The root and shoot apical meristems (RAM and SAM respectively) are defined by 
a population of stem cells that carry two important functions. First they must 
self-regenerate to maintain a stem cell pool (Sablowski, 2011). Second, they differentiate 
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to produce precursor cells for specialized tissues. The balance between cell division and 
differentiation, or lack thereof, is ultimately what dictates the morphological appearance 
from development to maturity of the shoot and root. 
The regulation of the RAM during embryogenesis to maturity involves a network 
of interconnected molecular signals; however several hormones and key classes of gene 
products give a generalized view of the RAM maintenance (Figure 1.1 A). Two of the 
most important classes of plant hormones, cytokinins and auxins, are the most critical to 
RAM maintenance. Auxins and cytokinins are critically important to the overall 
development of the plant (Bishopp, 2011) and often exert antagonistic effects in plant 
tissue. In A. thaliana shoots, auxins are responsible for maintaining inhibition of shoot 
outbranchings by the main shoot, referred to as apical dominance (Muller, 2011). High 
levels of cytokinins produce shorter main shoots with an increase in shoot branching, 
giving a “bushy” appearance. Specifically to the RAM, concentrations of auxins promote 
stem cell maintenance while cytokinins trigger differentiation (Sablowski, 2011; Perilli, 
2012). Normal A. thaliana roots maintain an auxin gradient that is most concentrated at 
the root apex. This gradient is established and maintained by the PINFORMED (PIN) 
family of auxin efflux facilitator proteins (Perilli, 2012). The expression of the PIN genes 
is controlled by SHORT HYPOCOTYL 2 (SHY2). SHY2 is a member of the family of 
auxin signaling repressors, which itself is degraded in the presence of auxins. The local 
concentration of auxins determines the level of SHY2, which in turn determines the 
expression of the PIN genes. This generalized circuit determines at which point on the 
root cuboidal cells begin to vacuole, known as the transition zone (TZ; (Dello Ioio, 
2008). 
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Figure 1.1 Two signaling networks in the roots of A. thaliana govern root morphology 
(A) Local concentrations of auxins promote cell division while concentrations of cytokinins 
promote cellular differentiation. Root tip accumulation of auxins occurs via PIN mediated 
polar auxin transport. PIN gene transcription is repressed by the SHY2 gene. Transcription of 
SHY2 is modulated by the local levels of auxins and cytokinins, the later promoting SHY2 
transcription. (B) Distal stem cell populations are maintained by the expression of the 
homeobox domain transcription factor AtWOX5. The expression of AtWOX5 defines the 
quiescent centre (QC) of the root apical meristem (RAM) and its expression is controlled by 
ACR4. AtCLE40 is expressed in columella cells and signals columella stem cell 
differentiation. Arrows represent an induction/activation while the bar represents 
repression/inactivation. The dotted line represents auxin efflux. 
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The cuboidal cells located distal to the TZ come from the centre of the RAM 
called the quiescent centre (QC). In A. thaliana three interacting gene products are 
currently recognized to comprise a basic regulatory circuit maintaining the RAM. These 
genes are: WUS-RELATED HOMEO-BOX5 (AtWOX5), ARABIDOPSIS CRINKLY4 
(ACR4) and CLAVATA3/ENDOSPERM SURROUNDING REGION-RELATED40 
(AtCLE40) (De Smet, 2008; Stahl, 2009).  
At the centre of the RAM is the QC (Figure 1.2; red cells), defined by the 
expression of the homeobox domain transcription factor AtWOX5 (Stahl, 2009). AtWOX5 
is a member of the WUSCHEL (WUS) homeobox containing protein family (van der 
Graaff, 2009). WUS is the prototypic member of this protein family and defines the 
organizing centre, the SAM equivalent of the QC in the root (van der Graaff, 2009). 
AtWOX5, like all WOX genes, is instrumental in developmental processes governing cell 
divisions (Sablowski, 2011).  
The hallmark of WOX proteins is the homeodomain, which makes contact with 
DNA via a helix-turn-helix (HTH) motif (van der Graaff, 2009). The loss of AtWOX5 
results in the loss of stem cell identity of the cell layer just distal of the QC (Figure 1.2; 
green cells). This indicates that AtWOX5 functions non-cell autonomously to maintain the 
distal stem cell pool (Figure 1.2; green cells) (Stahl, 2009). 
ARABIDOPSIS CRINKLY4 (ACR4) codes for a membrane localized receptor-like 
kinase (LRR-RLK) that is expressed in columella root cap initial cells and subsequently 
in their daughter cells (Figure 1.2; green and blue cells; De Smet, 2008; Stahl, 2009). 
Loss of ACR4 function increases the number of lateral root meristems along developing  
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Figure 1.2 A diagram representing A. thaliana root cells 
At the centre of the root apical meristem (RAM) is the quiescent centre (QC; red cells). The 
distal meristem (DM) made up of columella cells (CC; light blue) which are produced by 
divisions in the columella stem cells (CSC; green). The stele initials (SI; orange), 
coritcal/endodermal initials (CI; purple), root cap/epidermal initials (RCI; dark blue) are the 
progenitor cells of the proximal meristem (PM). EP, epidermis; C, cortex; EN, endodermis. 
Figure modified from Vidaurre et al. (2007).  
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roots, but fewer lateral roots actually emerge due to abnormal mitotic activity (De Smet, 
2008). ACR4 functions in the root meristem to repress irregular divisions of the columella 
stem cells. Mutants have multiple undifferentiated cells distal to the QC, indicating that 
ACR4 acts to promote differentiation of columella stem cells. 
CLAVATA3/ESR-RELATED 40 (AtCLE40) is a member of the A. thaliana CLE 
family of signaling polypeptides (Wang, 2010). CLE peptides share a conserved 14 
amino acid carboxy terminus domain and act as secreted ligands. CLAVATA3 (CLV3) is 
one of the first characterized peptides in the family and has been shown to maintain stem 
cell pools in the SAM. AtCLE40 may act as the root equivalent of CLV3 (van der Graaff, 
2009). Loss of AtCLE40 leads to shorter roots with misshapen root tips (Stahl, 2009). It is 
also accompanied by delayed differentiation in cells distal to the QC. During the course 
of A. thaliana development, expression of AtCLE40 becomes increasingly restricted, and 
in post-embryonic roots it is only expressed in the columella stem cells and stele cells, 
but not throughout the RAM (Figure 1.2 green cells) (Stahl, 2009).  
AtCLE40, ACR4 and AtWOX5 work in tandem to maintain stem cell fate in the 
RAM (Figure 1.1 B). The expression domain of AtWOX5 is controlled by the cells 
expressing AtCLE40 (Stahl, 2009). Loss of AtCLE40 leads to an expanded domain of 
AtWOX5 expression, while exogenous application of AtCLE40 leads to restricted and 
proximally shifted AtWOX5 expression. Loss of ACR4 has similar effects on AtWOX5 as 
the loss of AtCLE40, implicating ACR4 as a receptor for AtCLE40. The expression of 
ACR4 is expanded upon exogenous AtCLE40 application into the QC. This indicates that 
AtCLE40 derived restriction of AtWOX5 expression may be meditated by ACR4 (Stahl, 
2009).  
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Recently a family of 39 genes encoding L. japonicus CLE peptides have been 
identified (Okamoto et al., 2009). LjCLE-RS1 and LjCLE-RS2 were significantly 
upregulated by the addition of nitrate and by rhizobial inoculation of wild type 
L. japonicus. Overexpression of either LjCLE-RS1 or LjCLE-RS2 inhibited nodulation in 
a HAR1-dependant manner (Okamoto et al., 2009). Two distinct CLE genes, LjCLE19 
and LjCLE20 are significantly upregulated by external concentrations of Pi 
(Funayama-Noguchi et al., 2011). In a short period of time CLE peptides have been 
shown to respond to external nutrient application, maintain stem cell pools and respond to 
microbial inoculation (Okamoto et al., 2009; Funayama-Noguchi et al., 2011). CLE 
peptides and their regulators may be the molecular signals at the core of root architecture 
and symbiosis. 
1.10 Thesis objectives 
In a genetic screen for suppressors of the L. japonicus har1-1 hypernodulating 
phenotype, a root branching hypermorph, called cluster root-like 1 (crl1), was recovered 
(Murray et al., 2006). The crl1 phenotype reflects dramatic modification of root 
architecture. Instead of wild-type root elongation and branching, crl1 forms one large 
cluster of short rootlets with limited growth capacity (Figure 1.3). Given the har1-1 
genetic background of the crl1 plant, I hypothesize that a presumed secondary mutation is 
either directly responsible for the crl1 phenotype or, alternatively, affects a function 
which works synergistically with HAR1 to determine root architecture. To test this 
hypothesis the following objectives were set:  
 
18 
 
 
7
3
 
 
 
 
Figure 1.3 The crl1 mutant phenotype, grown for 8 weeks 
There are dramatic changes in the root architecture of the crl1 mutant; it is dramatically 
reduced in root elongation and produces many short rootlets with limited growth capacity 
that resemble genuine cluster roots. 
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1) To identify at the molecular level a genetic lesion that defines the secondary 
mutation affecting the root architecture in the crl1 mutant. 
2) To characterize the mutated gene and evaluate its relation, if any, with the HAR1 
locus in the context of its impact on the non-symbiotic root and shoot 
development.  
3) To evaluate the har1-1-independent/dependent impact of the presumed secondary 
mutation on root nodule formation and AM symbiosis. 
 
The knowledge of developmental mechanisms that promote or restrict plasticity 
of root development should contribute to a long term effort directed towards engineering 
of the so called “designer roots”, which are envisaged to have superior properties that 
enhance plant performance under given environmental conditions.  
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Chapter 2 : Materials and Methods 
2  
2.1 Plant growth conditions 
 L. japonicas seeds were scarified with 150 grit sandpaper, followed by surface 
sterilization with 70% ethanol and 0.1% sodium dodecyl sulphate (SDS) for 30 seconds. 
After briefly vortexing, the ethanol solution was decanted, and the seeds were rinsed with 
Milli-Q
TM
 water. The seeds were then incubated in a 20% bleach and 0.1% SDS solution 
for 30 seconds. The solution was decanted, which was followed by 10 washes with 
Milli-Q
TM
 water, briefly vortexing between washes. Six to eight sheets of Milli-Q
TM
 
moistened, sterile Whattman filter paper (Fischer #09-801A) was placed in 15 x 100 mm 
Petri dishes and seeds were placed on the filter paper. The Petri dishes were sealed with 
Parafilm and seeds were germinated over a period of 7 days at 23°C under continuous 
light. 
2.2 Analysis of nodulation phenotypes 
 Sterile pots were filled with vermiculate and sand (6:1 mixture) and watered with 
the Broughton and Dilworth (B&D) solution (Broughton and Dilworth, 1971). Seven-day 
old seedlings were planted and grown under a light and temperature cycle (18 hours of 
light at 23°C, 6 hours of dark at 18°C). Seedlings were grown for 7 days at which point 
they were inoculated with wild-type M. loti. At 27 days post inoculation plants were 
removed from pots, and nodule number was scored by viewing nodulation events under 
the Nikon SMZ1500 dissecting scope. 
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2.3 Analysis of mycorrhiza phenotypes  
  Sterile pots were filled with Turface
TM
 (MVP
TM
) and silica sand (1:1) and 
watered with ½ strength Hoagland’s nutrient solution deprived of phosphate (Hoagland 
and Arnon, 1950). Live (cultured chive roots colonized by Glomus intraradicies) and dry 
(granulated G. intraradices (Myke® Pro; Premier Tech Biotechnologies) inoculants were 
used simultaneously. The live inoculant was added to the main soil mixture while the dry 
inoculant was applied one inch below the soil surface. Plants were grown for 8 weeks at 
which time their roots were stained for mycorrhizal colonization following a protocol 
described by Vierheilig et al. (1998). Roots were cleared by incubation at 75°C for 1 hour 
in a 10% potassium hydroxide solution. The roots were then rinsed twice in a double 
distilled H20 (ddH20). A 5% ink (Schaeffers black) vinegar (5% acetic acid) mixture was 
used to stain the roots for 1 hour at room temperature, followed by two sequential rinses 
with ddH20. De-staining was performed by incubating the stained roots in 5% acetic acid 
at room temperature for 20 minutes, which was followed by two rinses in ddH20. The 
roots were then stored at 4°C in ddH20 until further use.  
 Root colonization by mycorrhiza was then scored following the gridline 
intersection method (Fyson and Oaks, 1992). Stained roots were chopped yielding 
approximately 5 mm root segments. The root material was suspended in a 50% glycerol 
solution and poured into 100 x 15 mm square Petri dishes with gridlines. Colonization 
was assayed by viewing all gridlines sequentially with the Nikon SMZ1500 dissecting 
scope. The intersecting roots were categorized “colonized” or “uncolonized” and the sum 
of a plate represented one individual.  
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2.4 Genomic DNA (gDNA) extraction 
Young healthy leaf material (~30 mg) was placed in 250 µl of 
2 x hexadecyltrimethylammonium bromide (CTAB) solution (10 ml 1M Tris HCl pH 8, 
35 ml 4M NaCl, 4 ml 0.5 ethylenediaminetetraacetic acid (EDTA) pH 8, 2 g CTAB, dd 
H2O to 100 ml, 200 µl of 2 ß-mercaptoethanol) and was ground until the entire solution 
turned green. A 10 minute incubation step at 60°C followed, with a 2 minute spin in a 
microcentrifuge at maximum speed (13000 rpm). Approximately 200 µl of the resulting 
supernatant was transferred into a new microfuge tube, to which 200 µl of chloroform 
was added. The tube was inverted repeatedly for 1 minute and then spun down in a 
microcentrifuge at maximum speed (~ 13000 rpm) for 2 minutes. The upper, aqueous 
phase was transferred to a new tube and 150 µl of cold isopropanol (-20
0
C) was added. 
This was mixed gently by continually inverting the tube for 1 minute, followed by 
centrifugation for 10 minutes at the maximum speed. The aqueous phase was discarded 
leaving a white pellet on the bottom of the tube. The remaining isopropanol was allowed 
to evaporate by incubating an open Eppendorf tube for several minutes at room 
temperature, upon which time the pellet was re-suspended in 50 µl of ddH20. 
2.5 General Polymerase Chain Reaction (PCR) setup 
In 0.2 ml PCR tubes the following components were added: 23 µM each of 
forward and reverse primer, 4.5 µl of 10 x PCR buffer (GenScript Inc.), 9 mM of 
dinucleotide triphosphates (dNTPs), 1 unit of Taq polymerase (GenScript Inc.), 5 µl of 
CTAB extracted gDNA and ddH2O was added to a final volume of 45 µl. The mixture 
was then loaded into a thermocycler, initialized for 5 minutes at 94°C, followed by 35-50 
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cycles of 94°C for 30 seconds, 55-60°C for 30 seconds and 70°C for 1 minute followed 
by a final extension phase of 70°C for 7 minutes. 
2.6 Genotyping 
 The har1-1 locus was genotyped using a cleaved amplified polymorphic marker 
(CAPS). The “har1-1 CAPS” primers flanking the causal single nucleotide polymorphism 
(SNP) in the har1-1 mutant allele were used for PCR (see Appendix). 
The PCR reaction was as described above with minor modifications. The reaction 
had an annealing temperature of 55°C with 35 total amplification cycles. An 8 µl aliquot 
of the PCR reaction was used for subsequent digestion with MvaI. Three units of MvaI, 
1 µl of 10x Buffer R (Fermentas Inc.) and ddH20 to a final volume of 10 µl was added. 
The PCR amplicons were digested for three hours at 37°C. The reaction was then loaded 
on a 4% agarose gel and separated for 30 minutes at 160 Volts in 1 x TBE buffer (5 x 
TBE stock: 54 g of Tris base, 27.5 g of boric acid, 20 ml of 0.5 M EDTA). The uncut 
PCR product yielded a single band of 358 bp, corresponding to homozygous wild-type 
individuals. Fully digested product yielded two bands of 188 bp and 170 bp, 
corresponding to homozygous har1-1 mutant individuals. Where all three DNA bands 
were present (i.e. 358, 188 and 170 bp fragments), this reflected heterozygous 
individuals.  
The Ljamp1-1 locus was genotyped using bidirectional PCR amplification of 
specific alleles (Bi-PASA) as described by Liu et al., (1997). Two sets of primers were 
designed, the “Ljamp1-1 Bi-PASA Outer” pair of primers and the “Ljamp1-1 Bi-PASA 
Inner” pair of primers (see Appendix).  
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 The PCR reaction was similar to the one described earlier except that 2.0 µM of 
each of the four primers were added to the reaction mix. The annealing temperature of the 
reaction was 57°C for 35 total cycles. A 20 µl aliquot was then loaded on a 4% agarose 
gel and separated for 30 minutes at 160 Volts. Homozygous wild-type individuals 
(LjAMP1/LjAMP1) were predicted to produce 696 and 200 bp bands. Individuals 
homozygous for the Ljamp1-1 allele would produce 696 and 525 bp bands. Finally, 
individuals heterozygous at the LjAMP1loci (LjAMP1/Ljamp1) produce 696, 525 and 200 
bp bands. 
2.7 Map-based cloning of the LjAMP1 locus 
For map-based cloning of the LjAMP1 locus, an F2 population was developed by 
crossing the cluster root-like 1(crl1) mutant (Gifu ecotype) with the polymorphic 
L. japonicus MG20-har1-1 introgression line (Murray et al., 2006). The resulting F1 
plant was allowed to self-pollinate. The F2 segregating population was scored for either 
polycotyledon or abnormal shoot and root architecture of the crl1 mutant and 440 and 
305 selected mutant individuals, respectively, were analyzed for co-segregation with 
publicly available simple sequence repeat (SSR) markers for L. japonicus genome 
(http://www.kazusa.or.jp/lotus/). For genotyping, leaf DNA was isolated from each 
individual, as described above (see Genomic DNA extraction). For fine mapping, 
additional SSR repeats were identified using the RepeatMasker program 
(http://www.repeatmasker.org/). Primers flanking these additional markers (markers 
1391-1, 0867-03, 1565-02, 0361-04, 2202-01, 2202-04, 0397-1, and 0029-01; see 
appendix) were designed and used for further mapping  
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2.8 Amplification of LjAMP1 mRNA and 5’ and 3’ RACE 
experiments 
Plants were grown in sterile vermiculate for 7 or 14 days at which point roots 
were excised and immediately flash frozen in liquid nitrogen and stored at -80°C. Total 
root RNA from 100 mg of tissue was isolated using RNeasy Plant Mini Kit (Qiagen) and 
was stored at -80°C. Total root RNA (2 µg) was incubated with DNaseI (2 units/ug) 
(Applied Biosystems), DNaseI 10x reaction buffer (2µl, NEB) and DEPC treated H2O 
was added to a total reaction volume of 20 µL. The reaction was incubated for 15 minutes 
at 37°C. Afterwards, 25 mM EDTA (1 µL/µg of total RNA) was added and incubated for 
15 minutes at 65°C.  
The DNaseI treated reaction was then split into two aliquots, one to be used with 
(+RT), and one without (-RT) the reverse transcription (RT) step. cDNA synthesis was 
conducted using the High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems). The “+RT” reaction contained 11 µL of the DNaseI treated total root RNA, 
2 µL of 10x RT buffer (Applied Biosystems), 0.8 µL of dNTP mix (Applied Biosystems), 
2 µL of random primers (Applied Biosystems), 1 µL Multiscribe™ RT (Applied 
Biosystems), 1 µL RNase inhibitor (Applied Biosystems) and 3.2 µL of nuclease-free 
H2O (Applied Biosystems). The “-RT” was performed with no addition of the 
Multiscribe™ RT, which was substituted by 1 µL of nuclease-free H2O. The reaction was 
placed in a thermocycler under the following conditions: 10 minutes at 25°C, 
120 minutes at 37°C and 5 minutes at 85°C. The resulting cDNA was stored at -20°C. 
The 5’ and 3’ rapid amplification of cDNA ends (RACE) was used to define the 
untranslated regions of the LjAMP1 transcript using the FirstChoice
®
 RLM-RACE kit 
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(Ambion) and following the manufacturer conditions. For 5’ RACE, 10 µg of total root 
RNA was used and treated sequentially with Calf Intestine alkaline phosphatase (CIP; 
Ambion) and tobacco acid pyrophosphatase (TAP; Ambion). Ambion supplied 5’ RACE 
adaptor was ligated to the CIP and TAP treated root RNA and a nested PCR reaction was 
completed under the manufacturer suggested settings using the 5’ OUTER primer pair 
and the 5’ INNER primer pair (see appendix). For 3’ RACE, a 3’ RACE adaptor 
(Ambion) was ligated to 1 µg of total root RNA and incubated for one hour with M-MLV 
Reverse Transcriptase (Ambion). A nested PCR reaction using the 3’ OUTER and 
3’ INNER primer pairs was completed under the manufacturer’s suggested settings (see 
appendix). 
All PCR products were subjected to direct sequencing and the full length LjAMP1 
mRNA was reconstructed by aligning the resulting sequences using Megalign program in 
the Lasergene® 6 software suite (DNASTAR). The LjAMP1 mRNA sequence was 
subsequently aligned to the L. japonicus Gifu LjAMP genomic sequence and the intron-
exon structure was deduced using the Spidey mRNA to DNA alignment program 
(http://cbs.ym.edu.tw/services/spidey/).  
2.9 Quantification of the L. japonicus CLE gene expression  
Total root cDNA derived from Gifu, har1-1, and Ljamp1-1 roots was obtained as 
mentioned previously and diluted 4 fold. Each quantitative PCR (qPCR) reaction had a 
final volume of 10 µl comprised of 5 µl Perfecta
®
 SYBR
®
 Green FastMix
®
 (Quanta 
Bioscience), 0.02 µg of cDNA, 0.1 µl of both forward and reverse primer (see appendix) 
for each of 39 CLE gene mRNAs and a presumed L. japonicus WOX5 mRNA at 2 µM/µl 
and 1.2 µl of ddH20. For each genotype under study, three biological replicates with three 
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technical replicates were used. No template controls (NTC) and inter-plate calibrators 
were also included. The inter-plate calibrator consisted of six reactions all with Gifu 
cDNA template, three reactions with the primers for the LjCLE15 target and three 
reactions with the primers for the ubiquitin mRNA, which was used as the reference 
transcript for all targets. 
All qPCR’s reactions were performed with the same cycling parameters: an initial 
phase of 95.0°C for 15 minutes, the cycling condition consisting of 45 cycles of 95°C for 
15 seconds and 60°C for 1 minute, followed by a final incubation of 95°C for 10 seconds. 
The reactions then entered melting curve analyses which began at 65°C and was 
increased incrementally by 0.5°C until a final temperature of 95°C was reached. The 
CFX96™ Real-Time PCR Detection System (Bio-Rad) and CFX Manager™ Software 
(Bio-Rad) were used to detect and record fluorophore activity and determine the cycle 
threshold (CT) value.  
∆∆CT values were calculated as described by Applied Biosystems (2008). The 
mean (xˉ ) and standard deviation (σ) of the CT values for each biological replicate was 
calculated for the target and reference gene using the three technical replicates. An 
average CT mean and standard deviation encompassing the three biological replicates was 
then calculated. ∆CT values were calculated using the following formula: 
∆CT = xˉ CT Target – xˉ CT Ubiquitin 
∆CT standard deviation was calculated by: 
σ ∆CT = [(σ CT Target)
2
 – (σ CT Ubiquitin)
2
]
½ 
28 
 
 
7
3
 
∆∆CT values were calculated as the difference between each mutant genotypes ∆CT value 
and wild-type (Gifu) ∆CT value: 
∆∆CT Mutant = ∆CT Mutant - ∆CT Gifu 
The ∆∆CT standard deviation was equal to that of the ∆CT standard deviation of the 
mutant genotype. Fold change/difference in expression was calculated by: 
Fold change in expression = 2
-∆∆CT
 
2.10 Microscopy 
 All images were captured on a Nikon DXM1200 (Nikon, Japan) digital camera 
integrated into two microscope platforms. The dissecting microscope Nikon SMZ1500 
(Nikon, Japan) was used for macroscopic plant images and the Zeiss Axioscope 2 (Zeiss, 
Germany) was used for microscopic images. TIFF format images were created by the 
ACT-1 image software (Nikon, Japan) with a resolution of 3840x3072.  
2.11 RAM measurement 
 Plants were grown in sterile vermiculate for 14 days. Approximately 2-4 mm of 
the root tip region was harvested and fixed for 24 hours with ethanol and acetic acic (3:1) 
at 4°C. The material was rinsed with ddH20 three times for 15 minutes. Root tips were 
then transferred to 1 N HCl for 30 minutes and washed three times with ddH20 for 
15 minutes. Root tips were then stained with acetocarmine (45% acetic acid, 1% carmine) 
overnight. Root tips were again washed three times with ddH20 for 15 minutes and stored 
in 45% acetic acid. The area of the RAM was measured using the ImageJ analysis 
software (http://rsbweb.nih.gov/ij/).  
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2.12 Complementation 
 The entire LjAMP1 gene including 7821 and 4709 bp of 5’ and 3’ untranslated 
region, respectively, was amplified from the Gifu leaf DNA using LjAMP1_fullcopy_F 
and LjAMP1_fullcopy_R primers (see Appendix). The resulting product was cloned using 
the pENTR™/D-TOPO® cloning kit (Invitrogen) and Gateway® Technology 
(Invitrogen) recombination. A construct containing the Arabidopsis AMP1 gene, as 
described by Vidaurre et al. (2007), was also included. Both constructs were transformed 
into the Agrobacterium rhizogenes AR10 strain. Hairy root transformation via 
A. rhizogenes was conducted as described by Petit et al., (2008) using seedlings 
homozygous for both the Ljamp1-1 and har1-1 mutations. Root elongation of each 
transformed plant was viewed after 2 weeks of growth in liquid media. 
2.13 Statistical analysis 
 All statistical measurements were performed using the SPSS Statistics Suite 
(IBM
®
 SPSS
®
). Significant difference between sample means was calculated using the 
one-way analysis of variance (ANOVA) test with the Tukey’s honest significant 
difference test as a post-hoc measure.  
2.14 Primers 
All primers used in the thesis were designed using either Primer3 
(http://frodo.wi.mit.edu/) or Primer3Plus (http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi) software. The primers listed in the Appendix are shown 
in the 5’ to 3’ orientation. 
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Chapter 3 : Results 
3  
3.1 Identification of a L. japonicus root branching hypermorph 
 The L. japonicus har1-1 (Gifu ecotype) was used in an EMS-mediated 
mutagenesis screen to find loci that supress the hypernodulation phenotype (i.e. 
formation of excessive number of nodules) exhibited by this mutant (Murray et al., 
2006). har1-1 also alters root architecture of uninoculated L. japonicus roots such that 
shorter and more branched roots are formed (Wopereis et al., 2000). Therefore, the same 
EMS-mutagenized population was also screened for genetic suppressors of the har1-1 
root phenotype. No suppressors of the latter phenotype have been identified; however, a 
root branching hypermorph, tentatively named cluster root-like1 (crl1), was identified 
(Figure 3.1).  
The crl1 phenotype appeared to exaggerate the already altered root architecture of 
the parental har1-1 line, as it was characterized by even shorter roots with many short 
lateral rootlets (Figure 3.1). The extent of root modification in crl1 was further 
highlighted when compared with roots of wild-type L. japonicus Gifu (Figure 3.2A). 
When grown in soil for a period of five months, crl1 formed one large cluster of short 
rootlets with limited growth capacity, the features which have given rise to the mutant 
name. crl1 also shows significantly decreased apical dominance of the shoot 
(Figure 3.2B), an aberration that is absent from har1-1 and wild-type L. japonicus plants. 
Taken together, the mutant shoot and root features of crl1 indicated that an underlying 
mutation(s) affected a function that is central to L. japonicus development.  
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Figure 3.1 The har1-1 and crl1 uninoculated phenotype 
The L. japonicus cluster root-like1 (crl1) mutant was discovered in an EMS screen for 
suppressors of the har1-1 hyper-nodulation phenotype (Murray et al., 2006). The root and 
shoot phenotypes of un-inoculated plants are shown 14 days after sowing. Note that crl1 
potentiates the altered root architecture of the har1-1 parental line while also reducing the 
shoot growth.  
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Figure 3.2 crl1 shows altered shoot and root architecture 
Five month-old wild-type L. japonicus Gifu and crl1 plants are shown. The crl1 forms one 
big cluster of short rootlets (A) and displays loss of apical dominance and increased shoot 
formation and branching (B). 
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3.2 crl1 affects embryonic development and seed setting 
 In addition to altered shoot and root architecture other morphological 
abnormalities were noted that suggested the crl1 locus was indeed a key regulator of 
L. japonicus development. Wild-type L. japonicus Gifu, hereafter referred to as “Gifu”, 
and the har1-1 mutant almost invariably germinate as dicotyledonous seedlings. In 
contrast, germinated seedlings of crl1 were predominantly polycotyledonous and, in rare 
instances (1 in 1000 or less), displayed a “Siamese” phenotype (Fig. 3.3). The latter was 
characterized by two separate root systems attached through hypocotyls to a single 
embryonic shoot (Fig. 3.3). The frequency of true (postembryonic) shoot emergence was 
increased in crl1 (not shown) and so was the frequency of leaf formation, which was 
associated with decreased shoot internode length (Fig. 3.3). The crl1 mutant was almost 
infertile as seed pod formation was a rare event; once formed, the crl1 seed pods were 
smaller and contained fewer seeds as compare to the har1-1 parent (Fig. 3.3) or Gifu. In a 
sample of 10 har1-1 and 10 crl1 seed pods, har1-1 seed pods averaged 50.2 mg ± 6.6 
(95% Confidence Interval [CI]) and 15.9 ± 2 (95% CI) seeds per pod. crl1 seed pods 
averaged 9 mg ± 1.7 (95% CI) and 4.7 ± 1.4 seeds per pod, showing a significant 
decrease in both seed pod mass and number of seeds per pod. 
3.3 Development of the crl1 mapping population 
In order to identify the causative mutation, a mapping population was constructed 
(Figure 3.4) by performing a genetic cross between crl1 (har1-1 background in the Gifu 
ecotype) and the polymorphic L. japonicus MG-20_har1-1 introgression line (Murray et 
al., 2006). A resulting F1 plant was allowed to self, generating an F2 population that had 
a  uniform  har1-1  genetic  background  while  segregating the crl1 phenotype. A total of  
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Figure 3.3 Pleiotropic changes in crl1 
The majority of crl1 offspring form additional cotyledons or are otherwise malformed. 
Virtually all Gifu and har1-1 seedlings germinate as dicotyledous seedlings (top left). A large 
proportion of crl1 offspring germinate with an abnormal number of cotyledons, some as 
tricotyledons (top right) and others with even higher number (second row left; note an extra 
hypocotyl-like structure protruding from the embryonic shoot crown ). In rare instances, 
Siamese crl1 offsprings, having two hypocotyls and roots fused to a single polycotyledon 
crown were found (second row right). Shoots of 14 day old crl1 plants (third row right) have 
leaves that are much closer together than har1-1 (third row left). Seed pods of crl1 plants 
form very infrequently and are significantly smaller than har1-1 seed pods (bottom).  
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Figure 3.4 crl1 mapping population 
The crl1 mutant in the har1-1 Gifu ecotype background was crossed with the polymorphic 
L. japonicus MG-20_har1-1 introgression line (Murray et al., 2006). The resulting F1 plant 
was allowed to self, generating an F2 population. This population was subjected to 
phenotypic selection based on either the crl1 polycotyledon (see Figure 3.2) or root 
phenotypes, with both segregating as recessive monogenic traits (see text for further details).  
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3,484 F2 seedlings were used to map the crl1 locus (see below). The expected 3:1 
Mendelian ratio for a single segregating locus was not observed in the F2 population. Of 
1,546 F2 plants scored for their root architecture, 316 individuals displayed the crl1 root 
phenotype. Thus, the observed ratio of har1-1 vs. crl1 root phenotype was 3.89:1, which 
was significantly higher than expected (χ2 = 17.15); however, based on several 
independent observations it is likely that poor germination and/or survival of crl1 
seedlings compared to har1-1 was responsible for this discrepancy. At this stage of 
investigation, it was surmised that a recessive monogenic mutation was likely responsible 
for the crl1 phenotype, assuming lack of influence by the har1-1 allele.  
3.4 The root branching phenotype and the polycotyledon phenotype 
co-segregate 
Using the crl1 F2 mapping population described above, seven-day old seedlings 
were scored based on number of cotyledons. The plants were then grown for 14 days in 
vermiculate and their root architecture was examined. Plants were categorized as either 
“crl1” (when roots formed a cluster root-like architecture) or “har1-1” (Table 3.1). The 
polycotyledon phenotype co-segregated with crl1 root phenotype in 82.9% of sampled 
seedlings. This was presumed to reflect the level of genetic penetrance for the 
polycotyledonous phenotype. This assumption is at least partially supported by the 
mapping data, as generated using independent selections for the crl1 polycotyledon and 
root architecture phenotypes. All roots categorized as har1-1 germinated as 
dicotyledonous seedlings. 
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Table 3.1 crl1 F2 mapping population scored for cotyledon number and root 
architecture 
Cotyledon Number Root Architecture n 
Dicotyledon har1-1 1230 
Polycotyledon har1-1 0 
Dicotyledon crl1 54 
Polycotyledon crl1 262 
Note. The polycotyledon phenotype co-segregated with the crl1 mutant root phenotype 
in 82.9% of seedlings 
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3.5 Map-based cloning of the crl1 locus 
Two crl1 mutant traits, the increased cotyledon number and altered root architecture, 
were mapped independently using the crl1 F2 mapping population. Initial genetic 
analysis linked both mutant traits to the long arm of chromosome 1 (Figure 3.5 A). A 
total of 3,484 F2 seedlings were germinated, segregating 745 “unquestionable” crl1 
plants that were used to fine map the crl1 locus. Individuals 1 to 440 were selected based 
on their polycotyledon phenotype while individuals 441-745 were chosen based on the 
crl1 mutant root architecture. Both traits were mapped to the same region on 
chromosome 1 (Figure 3.6), using microsatellite markers that are polymorphic between 
the Gifu and MG-20 ecotypes (http://www.kazusa.or.jp/lotus/index.html). Mapping based 
on the polycotyledon phenotype narrowed the genomic region on chromosome 1 to a 
genetic interval as delimited by 1391-01 and 0029-01 flanking markers (Figure 3.5 and 
3.6). The crl1 root phenotype allowed further delineation of this region to an interval 
located between 2202-01 and 0029-01. In physical terms, this genetic interval 
corresponds to a 186,402 bp DNA region within the CM0029 sequencing contig and is 
represented by three overlapping transformable, artificial chromosomes clones (TM2202, 
TM0397 and TM0029 Figure 3.5 B and C). 
3.6 Candidate gene prediction 
 Gene prediction in the region delimited by mapping was computed using the Rice 
Genome Automated Annotation System (http://ricegaas.dna.affrc.go.jp/). A total of 29 
genes were predicted to be present in this region (Figure 3.6 C and Table 3.2). Each 
predicted gene was considered and the presumed L. japonicus homolog of the A. thaliana 
ALTERED  MERISTEM PROGRAM1  (AtAMP1)  gene  was  selected as a candidate gene  
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Figure 3.5 The map-based cloning of the crl1 locus 
The crl1 root and polycotyledon phenotype were linked to chromosome 1 (A). A 186,402 bp 
region of interest within the CM0029 contig was fine mapped between two flanking markers, 
2202-1 and 0029-1 (marked in red; for more details see Figure 3.6) (B). The bracketed 
numbers represent the number of independent recombinants identified at the given marker. 
Three overlapping TAC (transformable artificial chromosomes) clones, TM2202, TM0397 
and TM0029, encompassed the delimited region and were predicted to contain at least 29 
genes (shown as gray boxes; see also Table 3.2) (C). One of these genes (shown as a blue box 
on TM2202) was predicted to be a homolog of the Arabidopsis AMP1 gene (AtAMP1). 
Deleterious mutations in AtAMP1 locus mirror the crl1 phenotype. Once sequenced a 
(G2649A) transition was found to be present in the Lotus gene in the crl1 mutant (D). The 
gene was tentatively named as L. japonicus LjAMP1 and the corresponding mutant allele is 
referred to as Ljamp1-1.  
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Individual 65 91 95 114 117 127 153 160 170 181 182 187 191 
 
Marker 
             65.4 0378 – 01  H H H H H H H G G G H H H 
65.4 0583 – 02  H H H H H H H G G G H H H 
65.4 1141 – 01  H H H H H H H G G G H H H 
65.4 0010 – 03  H H H H H H H G G G H H H 
65.4 0705 – 01  H H H H H H H G G G H H H 
65.4 1008 – 01  H H H H H H H G G G G H G 
65.4 2245 – 01  H H H H H H H G G G G H G 
65.4 1479 – 01  H H H H H H H G G G G H G 
65.4 0980 – 01  H H H H H H H G G G G H G 
65.4 1391 - 01  H H H H G H H G G G G G G 
65.4 0867 – 03  G G G G G G G G G G G G G 
65.4 1565 - 02  G G G G G G G G G G G G G 
65.4 0361 - 04  G G G G G G G G G G G G G 
65.4 2202 - 01  G G G G G G G G G G G G G 
65.8 0397 – 01  G G G G G G G G G G G G G 
65.8 0029 – 01  G G G G G G G G H G G G G 
65.8 2201 – 02  G G G G G G G G H G G G G 
65.8 0785 – 01  G G G G G G G G H G G G G 
65.8 2247 – 03  G G G G G G G G H G G G G 
65.8 2370 – 01  G G G G G G G G H G G G G 
66.2 0789 – 01  G G G G G G G G H G G G G 
66.2 0223 - 01  G G G G G G G H H H G G G 
               
 
Individual 205 241 262 281 310 382 397 419 487 529 541 595 625
 
Marker 
             65.4 0378 – 01  H H H H H G H H G G G H H 
65.4 0583 – 02  H H H H H G H H G G G H H 
65.4 1141 – 01  H H H H H G H H G G G H H 
65.4 0010 – 03  H H H H H G H H G G G H H 
65.4 0705 – 01  H H H H H G H H G G G H H 
65.4 1008 – 01  H G H G G G H H G G G H H 
65.4 2245 – 01  H G H G G G H H G G G H H 
65.4 1479 – 01  H G H G G G H H G G G H H 
65.4 0980 – 01  H G H G G G H H G G G H H 
65.4 1391 - 01  H G H G G G G G G G G H H 
65.4 0867 – 03  G G G G G G G G G G G H H 
65.4 1565 - 02  G G G G G G G G G G G H H 
65.4 0361 - 04  G G G G G G G G G G G G H 
65.4 2202 - 01  G G G G G G G G G G G G H 
65.8 0397 – 01  G G G G G G G G G G G G G 
65.8 0029 – 01  G G G G G H G G H H H G G 
65.8 2201 – 02  G G G G G H G G H H H G G 
65.8 0785 – 01  G G G G G H G G H H H G G 
65.8 2247 – 03  G G G G G H G G H H H G G 
65.8 2370 – 01  G G G G G H G G H H H G G 
66.2 0789 – 01  G G G G G H G G H H H G G 
66.2 0223 - 01  G G G G G H G G H H H G G 
 
Figure 3.6 Fine mapping of the L. japonicus crl1 locus using simple sequence repeats (SSR) 
genetic markers 
The corresponding color map for a selected region on chromosome 1 is shown. Recombination 
distances are shown in cM for each marker of chromosome 1. PCR amplification of the SSR markers 
yielded banding patterns associated with Gifu (green) or heterozygous (blue). Individuals 1-440 were 
selected based on the cotyledon phenotype and individuals 441-745 were selected based on the crl1 
root architecture (due to space limitation only selected individuals are shown). Note that the crl1 locus 
should co-segregate with the Gifu or green markers, which indeed is the case as the linkage analysis 
positioned the crl1 locus on the bottom half of L. japonicus chromosome 1, as delimited by the      
2202 – 01 and 0029 – 01 flanking markers (gray highlights).  
 
41 
 
 
7
3
 
 Table 3.2 Amino acid lengths and E-values of 29 predicted genes in the region mapped with the 
crl1 mutants 
 Predicted gene homologue Amino acid length E-value 
Marker 2202-01
a
 
1 Hypothetical protein 52 N/A 
2 Putative cation proton exchanger 620 0.0 
3 Predicted methyl-CpG-binding domain-containing protein 2 305 2.6 
4 Hypothetical protein 54 N/A 
5 Predicted cytochrome D-lactate dehydrogenase 602 0.0 
6 Predicted aspartic proteinase-like protein 1-like 400 1e
-20
 
7 Predicted probable E3 ubiquitin-protein ligase BAH1-like 324 2e
-149
 
8 Hypothetical protein 465 4e
-74
 
9 Putative RNA-directed DNA polymerase 1138 6e
-156
 
10 Putative membrane protein 60 5.9 
11 Sterile alpha motif (SAM) domain-containing protein 263 2e
-25
 
12 Unknown protein similar to protein binding protein 223 N/A 
13 Putative ALTERED MERISTEM PROGRAM1; 
carboxypeptidase 
695 0.0 
14 Putative ubiquitin specific protease 12 323 1e
-27
 
15 Predicted 40S ribosomal protein 188 1e
-73
 
16 Putative helicase 982 3e
-54
 
17 Putative 40S ribosomal protein S5 204 6e
-147
 
18 Putative eukaryotic translation initiation factor 3 subunit 8 958 0.0 
19 RNA binding protein, putative 784 0.0 
20 Putative prenyltransferase/ zinc ion binding  540 1e
-111
 
21 Putative Pre-mRNA splicing factor 1376 0.0 
22 Predicted serine/threonine-protein phosphatase PP2A catalytic 
subunit 
348 4e
-178
 
23 Predicted dihydrosphingosine 1-phosphate phosphatase 639 0.0 
24 Hypothetical protein 941 1e
-22
 
25 Putative gag-pol polyprotein 1489 0.0 
26 Putative gag-pol polyprotein 641 2e
-18
 
27 Hypothetical protein similar to E3 ubiquitin ligase apc2 59 0.016 
28 Uncharacterized protein 302 3e
-179
 
29 Putative ubiquitin thiolesterase 405 0.0 
Marker 0029-01
b
 
ab 
 The markers 2202-01 and 0029-01 are shown to give the relative order of the predicted genes 
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for the CRL1 locus. Deleterious mutations in AtAMP1 cause a pleiotropic phenotype that 
resembles the crl1 mutant traits (Chaudhury et al., 1993). The similarities included: 
polycotyledonous seedlings, decreased apical dominance, frequent development of early 
lateral roots and decreased fertility due to aberrant silique formation (Chaudhury et al., 
1993; Vidaurre et al., 2007). Furthermore, like crl1 the Arabidopsis amp1 mutants form 
infrequent Siamese individuals (Vidaurre et al., 2007). Sequencing of the L. japonicus 
candidate gene from the genomic DNA obtained from Gifu and crl1 plants revealed a 
guanine to adenine transition 2649 bp downstream of the predicted transcriptional start 
site in the crl1 plants (Figure 3.5 D). The identified mutant allele in crl1 was tentatively 
named as L. japonicus Ljamp1-1, while the corresponding wild-type gene and its protein 
product are being referred hereafter as LjAMP1 and LjAMP1, respectively. 
Consequently, the genotype of the crl1 mutant is reflected by the presence of at least two 
mutations, har1-1 and Ljamp1-1.  
3.7 LjAMP1 encodes a predicted homolog of A. thaliana AtAMP1 and 
is related to human glutamate carboxypeptidase II 
Sequencing of the LjAMP1 transcript and its subsequent comparison with the 
corresponding genomic sequence (section 2.8) revealed the intron/exon structure and the 
canonical splice sites for 11 introns (Figure 3.7 A). The LjAMP1 mRNA was found to be 
2329 bp long, including a 61 bp 5’-UTR and a 241 bp 3’-UTR, as determined by 5’ and 
3’ RACE experiments, respectively (Figure 3.7 A, B). Using the experimentally verified 
sequence of the LjAMP1 transcript, an expression profile was constructed by probing the 
L. japonicus Gene Atlas (access to unpublished data courtesy of Dr. Michael Udvardi, 
The  Samuel  Roberts  Noble  Foundation,  USA).  In  this  microarray  database,   probes  
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Figure 3.7 mRNA sequence of LjAMP1 
The LjAMP1 mRNA is distributed among 10 exons totaling 2329 bp in length and includes a 
61 bp 5’- and 241 bp 3’- UTR, respectively. The black line represents the genomic region 
encompassing the LjAMP1 gene. Exons are shown as blue boxes, the 5’ UTR as a green box 
and the 3’ UTR as a purple box (A). Amplification of the 5’ UTR (B, left) and the 3’ UTR 
(B, right) by RACE.  
 
 
44 
 
 
7
3
 
 
 
 
Figure 3.8 LjAMP1 mRNA is most highly expressed in L. japonicus roots 
Expression profile for the LjAMP1 mRNA was constructed using unpublished Gene Atlas 
data for L. japonicus (courtesy Dr. Michael Udvardi, The Samuel Noble Foundation, 
USA). The graph represents a microarray based expression profile of LjAMP1 in several 
different tissues. RMA, Robust multi-array average; dpi, days post inoculation; dpi, days 
post pollination.  
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corresponding to the LjAMP1 mRNA were most highly expressed in the roots of 28 day 
old plants, followed by nitrogen starved roots (nodule 0 dpi, days post inoculation) and 
developing seeds 20 days after pollination (dap) (Figure 3.8).  
The LjAMP1 mRNA contained a predicted open reading frame of 695 amino 
acids, with an estimated protein weight of 76.04 kD. The Blast2p protein sequence 
alignment algorithm computed 401/696 (58%) identities and 525/696 (75%) similarities 
between LjAMP1 and AtAMP1 (Figure 3.9 A). In addition to significant primary amino-
acid sequence similarity/identity, LjAMP1 and AtAMP1 shared predicted protein 
domains including, the N-terminal transmembrane domain, two zinc peptidase domains, a 
glutamate carboxypeptidase II-like domain and a transferrin-like dimerization domain 
(Figure 3.9B). The Ljamp1-1 mutation led to substitution of glycine to arginine (G394R) 
within the predicted second zinc peptidase domain of the LjAMP1 protein (Figure 3.7 B).  
The glutamate carboxypeptidase II (GCPII) family of proteins is known to contain 
the same conserved domains as AMP1 proteins (Helliwell et al., 2001). Indeed, LjAMP1 
and also AtAMP1 showed significant similarity with known and predicted GCPII 
proteins from various organisms. For example, they share 34% and 31% identity and 
52% and 51% similarity with the Homo sapiens GCPII protein isoform 1 (HsGCPII; also 
referred to as N-acetyl-L-aspartyl-L-glutamate peptidase I (NAALADase I)).  
3.8 The LjAMP1 gene only partially restores root elongation in crl1 
 To further support the identification of the Ljamp1-1 as the causative mutation, 
in planta complementation experiments were performed. Agrobacterium rhizogenes 
mediated transformation of the har1-1 parental line produced hairy roots that elongated to  
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(A) 
 LjAMP1 AtAMP1 HsGCP2 
LjAMP1 100% 58% 43% 
AtAMP1 75% 100% 31% 
HsGCP2 52% 51% 100% 
(B)
 
Figure 3.9 LjAMP1 encodes a predicted homolog of Arabidopsis thaliana ALTERED 
MERISTEM PROGRAM1 (AtAMP1) protein 
The predicted protein sequences of LjAMP1, AtAMP1 (NP_567007.1) and 
Homo sapiens glutamate carboxypeptidase 2 (HsGCPII, NP_004467.1) have been 
aligned (A). The light upper gray box shows pairwise sequence identity as a percentage, 
and the dark lower gray box shows pairwise sequence similarities as a percentage. (B) 
LjAMP1 is predicted to contain several conserved protein domains: a transmembrane 
domain (orange), two zinc peptidase domains (blue), a glutamate carboxypeptidase 2-like 
(GCPII-like) domain (green) and a transferrin-like dimerization (TFR dimer) domain 
(yellow). These protein domains are conserved among the GCPII family of proteins of 
which AtAMP1 and HsGCPII are members. The Ljamp1-1 mutant allele carries the 
substitution of glycine to arginine (G394 to R) within the second zinc peptidase domain, as 
shown by the arrow. 
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some extent, resembling the genuine har1-1 roots. In contrast, hairy roots induced on 
har1-1 Ljamp1-1 shoots failed to elongate, producing a severely stunted shoot and root 
phenotype (Figure 3.10). Noting this difference, supplementation of the wild-type AMP1 
gene to har1-1 Ljamp1-1 was expected to restore har1-1 root elongation. Two 
independent binary vectors, carrying either the LjAMP1 gene (Fig 3.11 A, B) or the 
Arabidopsis AtAMP1 cDNA fused to the AtAMP1 promoter region (kindy provided to me 
by Prof. Thomas Berluth, University of Toronto; Vidaurre et al., 2007) was used in 
complementation experiments (see section 2.12). The empty pKGWD.0 binary vector 
was used as a negative control. har1-1 hypocotyls inoculated by A. rhizogenes carrying 
the empty vector developed somewhat elongated hairy roots, while har1-1 Ljamp1-1 
produced a mass of hairy root tissue that showed virtually no elongation capacity (Figure 
3.12). A. rhizogenes strains carrying LjAMP1 and AtAMP1 cDNA complementation 
constructs produced hairy roots on Ljamp1-1 har1-1 shoots that were intermediate in 
length as compared to the control conditions, suggesting that only partial 
complementation was achieved.  
3.9 Isolation of the Ljamp1-1 single mutant 
 The crl1 mutant (har1-1 Ljamp1-1 genotype) was backcrossed to Gifu and four 
distinct phenotypic classes were observed under sterile conditions. The Gifu, wild-type 
phenotypic class had long shoots and long roots (Figure 3.13). The har1-1 mutant 
phenotypic group was characterized by shoots that were indistinguishable from Gifu but 
roots were shorter and showed increased lateral branching when compared to Gifu, 
consistent with previous data (Wopereis et al., 2000). A third phenotypic class displayed 
the crl1 shoot phenotype (i.e. decreased shoot length and increased leaf initiation). 
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Figure 3.10 Hairy roots of the har1-1 and har1-1/Ljamp1-1 genotype 
Plants were transformed with A. rhizogenes strain AR10. Representative images of hairy 
roots that formed 21 days after inoculation are shown. 
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Figure 3.11 Amplification of the LjAMP1 locus and schematics of complementation 
constructs 
(A) Amplification of the 18,450 bp genomic fragment encompassing the entire LjAMP1 
locus. (B) Three constructs were used in the complementation of Ljamp1-1; a construct 
containing the LjAMP1 gene (LjAMP1 genomic), a construct containing the A. thaliana 
AMP1 cDNA (AtAMP1 cDNA; kind gift from Dr. Thomas Berleth, University of Toronto; 
see also Vidaurre et al., 2007), and an empty vector (vector control). Specr, spectinomycin 
resistance; Strepr, streptinomycin resistance; LB, left T-DNA border; proAtAMP1, the A. 
thaliana AMP1 promoter region; RB, right T-DNA border. 1Kb+, DNA ladder (Invitrogen, 
USA); -Taq control: Taq polymerase was omitted from the PCR mix.  
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Figure 3.12 Partial complementation of the har1-1/Ljamp1-1 root phenotype 
Representative images of transgenic hairy roots after 14 days incubation in liquid culture. 
The top line indicates the genetic background and the bottom line indicates which construct 
from was used for plant transformation (further details are provided in Figure 3.10).  
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Figure 3.13 Four distinct phenotypes were represented in F2 progenies derived from 
the backcross of crl1 to wild-type (Gifu) 
The appearance of the crl1 mutant root phenotype was dependent on the presence of both 
har1-1 and Ljamp1-1 (confirmed by genotyping, see Figure 3.14), suggesting a synergistic 
interaction between the alleles. The Ljamp1-1 single mutant phenotype was characterized by 
significantly altered shoots but the root system resembled that of the har1-1 single mutant 
phenotype and was very different from the roots of crl1.  
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The root system of these plants, however, was similar to har1-1 in terms of length and 
lateral root formation. It was presumed at this stage of analysis that these plants reflect 
the Ljamp1-1 single mutant, which was later confirmed by genotyping (Figure 3.14). The 
fourth phenotypic class displayed the crl1 shoot and root phenotype and was 
subsequently shown to represent the har1-1 amp1-1 double mutant. The four phenotypic 
classes (i.e. class 1 through 4) segregated according to the 9:3:3:1 Mendelian ratio (χ2 = 
7.73, P < 0.05; Table 3.3), consistant for two unlinked recessive loci. Taken together, 
these data showed that the crl1 root phenotype is likely determined by a synergistic 
interaction between har1-1 and amp1-1 mutant alleles, which was confirmed by 
subsequent analyses.  
3.10 Semi-sterility of Ljamp1-1 and har1-1 Ljamp1-1 necessitates the 
use of segregating populations 
 Like har1-1 Ljamp1-1 (crl1), the single Ljamp1-1 mutant rarely formed seed 
pods. To account for this problem and produce sufficient numbers of individuals of a 
given genotype for subsequent experiments and statistical analyses, a segregating 
population was used. For ease in referencing and where appropriate, the HAR1 locus is 
referred to as “H” for the wild-type allele and “h” for the har1-1 mutant allele. Similarly, 
“A” denotes the wild-type LjAMP1 allele while “a” is used for the Ljamp1-1 allele.  
The F2 population derived from the backcross of crl1 (hhaa) to Gifu (HHAA) was 
used. Nine distinct genotypes segregated in this population and each plant was genotyped 
at both HAR1 and LjAMP1 loci (Figure 3.14). The HAR1 locus was genotyped using 
CAPs markers primers and the restriction enzyme MvaI. The LjAMP1 locus was 
genotyped  using  the  Bidirectional  PCR  Amplification  of  Specific  Alleles (Bi-PASA)  
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Figure 3.14 Flowchart for the phenotypic analyses and genotyping of F2 segregants 
derived from the backcross of crl1 (hhaa) to wild-type (Gifu; HHAA) 
H, wild-type HAR1 allele; h, har1-1 mutant allele; A, wild-type LjAMP1 allele; a, 
Ljamp1-1 mutant allele. 
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Table 3.3 Segregation of the CRL1 and HAR1 loci in the F2 population derived 
from the backcross of crl1 (har1-1Ljamp1-1) to Gifu 
Phenotypic group Expected F2 Observed F2 
Gifu 86.06 93 
har1-1 28.69 36 
Ljamp1-1 28.69 18 
har1-1 Ljamp1-1 9.56 6 
 
Note.  (p < 0.05); χ2 = 7.73; n = 153 
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method (Liu et al., 1997). In total, 939 plants were phenotypically evaluated and 
genotyped as shown (Figure 3.14).  
3.11 LjAMP1 and HAR1 act synergistically to regulate root length 
 Root length (defined as the distance from the hypocotyl/root junction to the 
longest main root tip) and the internode length (distance between sequential leaf 
formations) was measured in the F2 population derived from the backcross of crl1 (hhaa) 
to Gifu (HHAA) 28 days after sowing. Gifu (HHAA) roots grew to an average length of 
16.17 ± 3.5 cm (Figure 3.15). har1-1 (hhAA) and Ljamp1-1 (HHaa) roots were on 
average 7.06 ± 0.89 and 7.51 ± 1.90 cm long, respectively. Both significantly shorter than 
Gifu roots. The elongation of crl1 (hhaa) double mutant roots was further reduced, with 
an average root length reaching only 2.75 ± 0.37 cm. Thus, the double mutant roots were 
significantly shorter than any of the other three genotypes.  
Gifu and har1-1 plants had similar internode lengths of 0.67 ± 0.16 and 0.69 ± 
0.09 cm, respectively. Ljamp1-1 and har1-1 Ljamp1-1plants had similarly reduced 
internode lengths when compared to either Gifu or har1-1, measuring 0.19 ± 0.07 cm and 
0.11 ± 0.03 cm, respectively.  
Taken together, these results further indicated that the crl1 root architecture is 
determined through a synergistic effect of the har1-1 and Ljamp1 mutations while the 
crl1 shoot morphology is solely dependent on presence of the Ljamp1-1 mutation.  
3.12 Loss of LjAMP1 reduces the RAM area 
The har1-1 mutation has been shown to alter the RAM by reducing its area while 
shifting  the  position  of  the root differentiation zone acropetally (Wopereis et al., 2000). 
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Figure 3.15 Root and internode length of F2 segregants derived from the backcross of 
crl1 (hhaa) to wild-type (Gifu; HHAA) 
The length of crl1 (har1-1 Ljamp1-1) roots is determined in a synergistic fashion by both 
mutant alleles, while the decreased internode length of the double mutant is determined 
solely by the Ljamp1-1 allele. For both analyses 28 day old plants were used. Root length is 
defined as the distance from the hypocotyl/root junction to the root tip. Internode length is 
defined as the distance between two sequential leaf formations. In all cases, values represent 
the mean ± 95% CI. Statistical grouping is indicated by the same lower case letter (P<0.05, 
one-way ANOVA; post hoc Tukey’s test, n ≥ 8). 
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To visually assess any possible effect of the Ljamp1-1 mutation on the RAM, Gifu,  
har1-1, Ljamp1-1 and har1-1 Ljamp1-1 seedlings were grown for 14 days under sterile 
conditions. Root tips were excised and stained with acetocarmine (Figure 3.16). 
Acetocarmine is known to stain nuclei acids (Chu, 1946), and in growing root tips the 
stain preferentially associates with the actively dividing cells (Wopereis et al., 2000). The 
darkest staining region of the root tip is, therefore, presumed to be reflective of the root 
meristem.  
The approximate area of the RAM was measured using ImageJ software 
(http://rsbweb.nih.gov/ij/). Gifu RAM measured 149811 ± 45247 µm
2
 and was 
significantly larger than all other genotypes (Figure 3.17). The har1-1 RAM area was 
61002 ± 9199 µm
2
, a more than 50% reduction in comparison with the Gifu RAM. This 
result was consistent with previous data (Wopereis et al., 2000). Ljamp1-1 roots showed 
a similar reduction in RAM area as in har1-1, measuring on avarage 50528 ± 12866 µm
2
. 
The har1-1 Ljamp1-1 (hhaa) roots experienced the greatest reduction in RAM area, 
measuring only 33996 ± 6981 µm
2
, although this value was not significantly different 
from either of the two single mutants.  
3.13 Ljamp1 does not affect root nodule formation  
 The F2 population derived from the backcross of crl1 (hhaa) to Gifu (HHAA) was 
inoculated with M. loti to find out whether the Ljamp1-1 mutation alone or in tandem 
with har1-1 (which causes hypernodulation) impact the nodulation phenotype.  
All genotypes, including pure lines of Gifu, har1-1, Ljamp1-1 and har1-1 
Ljamp1-1  formed  fully  developed  nodules  when  examined  28  days  after inoculation  
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Figure 3.16 The root apical meristem is decreased in all mutant genotypes 
Roots of 14 day old plants were cleared and stained with acetocarmine which stains for plant 
chromosomes. The red region near the root tip indicates acetocarmine staining and was 
defined as a meristematic root region.  
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Figure 3.17 The area of the root apical meristem is significantly decreased in all mutant 
genotypes 
Roots of 14 day old plants were cleared and stained with acetocarmine, which stains plant 
chromosomes. The area of acetocarmine staining was quantified using ImageJ software 
(http://rsbweb.nih.gov/ij/). In all cases, values represent the mean ± 95% CI. Statistical 
grouping is indicated by the same lower case letter (P<0.05, one-way ANOVA; post hoc 
Tukey’s test, n ≥ 8).  
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(Figures 3.18 and 3.19). Ljamp1-1 averaged 14.5 ± 1.7 nodules per plant and this was not 
significantly different from nodulation in Gifu (15.2 ± 1.5 nodules per plant; Figure 
3.19). As expected, har1-1 formed an excessive number of nodules, averaging 49.6 ± 7.4 
nodules per plant. Importantly, har1-1 Ljamp1-1 also formed an increased number of 
41.3 ± 9.1 nodules per plant.  
Nodulation scores of the F2 population clustered into three statistical groupings: 
baseline nodulators, increased nodulators and hyper-nodulators. Gifu (HHAA), Gifu 
carrying a single Ljamp1-1 allele (HHAa) as well as Ljamp1-1 single mutants (HHaa) 
formed the baseline nodulation group. The presence of the single har1-1 allele (i.e. 
HhAA, HhAa and Hhaa genotypes) led to a significant increase in nodules numbers as 
compared to the baseline nodulators. This observation confirms a previous report of 
har1-1 exerting a semi-dominant effect on nodulation (Wopereis et al., 2000). Loss of 
both HAR1 loci (hhAA, hhAa and hhaa genotypes) lead to hyper-nodulation. This group 
formed significantly more nodules than the two other nodulation groups. Taken together, 
these data show lack of any effect of the Ljamp1-1 mutation on the L. japonicus 
nodulation.  
3.14 Colonization of roots by AM fungi is not affected by Ljamp1-1 
The F2 segregating population derived from the backcross of crl1 (hhaa) to Gifu 
(HHAA) was inoculated with G. intraradicies and grown with limited phosphorus supply 
(see section 2.3) to encourage root colonization over an 8 week period. The roots were 
then stained with an ink-vinegar solution to reveal the position of the fungus and were 
viewed under the microscope. The typical fungal structures, including extra- and 
intra-radical hyphae, vesicles and arbuscules were present in both Ljamp1-1 single and  
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Figure 3.18 Ljamp1-1 does not affect nodulation 
Root and nodule phenotypes of representative F2 individuals are shown for Gifu, har1-1, 
Ljamp1-1 and har1-1Ljamp1-1 genotypes. The images were taken 28 days after inoculation 
with M. loti. Inserts represent close-ups to a nodulating part of roots.  
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Figure 3.19 Ljamp1-1 does not affect nodulation 
Number of nodules formed 28 days after inoculation was scored in all nine genotypes 
segregating in F2 population derived from the backcross of crl1 (hhaa) to wild-type (Gifu; 
HHAA). In all cases, values represent the mean ± 95% CI. Statistical grouping is indicated by 
the same lower case letter (P<0.05, one-way ANOVA; post hoc Tukey’s test). HHAA n = 32; 
HHAa n = 49; HhAA n = 62; HhAa n = 102; hhAA n = 19; hhAa n = 26; HHaa n = 15; Hhaa 
n = 55; hhaa n = 10. Note a semi-dominant character of the har1-1 mutation.  
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har1-1 Ljamp1-1 double mutants, suggesting that the Ljamp1-1 did not hinder AM 
colonization (Figure 3.20). har1-1 mutants are known for increased root mycorrhization 
(Nishimura, 2002), and qualitatively har1-1 mutant roots stained darker than Gifu roots 
(Figure 3.20).  
To quantitatively assess the extent of root colonization in different genetic 
backgrounds derived from the F2 segregating population, the gridline intersection method 
was used (see Material and Methods). Statistically, the level of AM colonization 
clustered into two groups, one group with wild-type colonization and a second group with 
significantly increased root colonization. Gifu (HHAA), Gifu carrying either single or 
double heterozygote configuration of the two alleles (HhAA, HHAa and HhAa) and 
Ljamp1-1 (HHaa) all had equivalent colonization of approximately 68% of the roots 
having AM structures (Figure 3.21). Genotypes homozygous for har1-1 (hhAA, hhAa, 
and hhaa) had a significantly increased level of AM colonization with upwards of 80% of 
the root length colonized by AM. Surprisingly, Ljamp1-1 plants heterozygous for the 
har1-1 allele (Hhaa) also grouped with this class, having 80.4 ± 17.7% of the root 
colonized by AM. This could indicate some level of gene interaction; however, given that 
only two individuals of the Hhaa genotype were available for scoring and considering a 
rather large variation between the two measurements, any firm conclusions in this regards 
will have to await further analyses.  
Taken together, the histological and quantification data strongly suggest that the 
Ljamp1-1 mutation did not significantly alter the level of AM root colonization in 
L. japonicus.  
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Figure 3.20 Arbuscular mycorrhiza colonization is unaffected by the Ljamp1-1 
mutation 
AM symbiotic phenotypes of wild-type Gifu, har1-1, Ljamp1-1 and har1-1/Ljamp1-1 
mutants are shown. The F2 population derived from the backcross of crl1(hhaa) to wild-type 
(Gifu; HHAA) was grown in the presence of G. intraradices over an 8 week period. The 
plants were genotyped and roots were stained with ink-vinegar to visualize fungal 
colonization (dark blue staining or yellow staining in the lower-right panel) . V, vesicle; A, 
Ar, arbuscle; EH, exterradical hyphae; IH, intraradical hyphae.  
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Figure 3.21 AM colonization is unaffected by Ljamp1-1 mutation 
Scores of root colonization (%) for pure genotypes are shown (top); the values for all 
genotypes are given in the table (bottom). In all cases, values represent the mean ± 95% CI. 
Statistical grouping is indicated by the same lower case letter (P<0.05, one-way ANOVA; 
post hoc Tukey’s test). Note that in the homozygote state, the har1-1mutation leads to 
increase root mycorrhization. HHAA n = 9; HHAa n = 5; HhAA n = 9; HhAa n = 5; hhAA 
n = 5; hhAa n = 8; HHaa n = 5; Hhaa n = 2; hhaa n = 4. 
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3.15 Two possible L. japonicus WOX5 candidate genes 
 Without a notable defect in either of the symbiotic interactions, the project was 
focused entirely towards understanding a mechanism of altered root growth in Ljamp1 
and crl1. Due to the diminished size of the RAM an attractive target to study is a single 
gene controlling RAM maintenance. In A. thaliana, WOX5 is known to be expressed in 
the QC of the RAM and is known to maintain stem cell populations (Stahl, 2009). Using 
the AtWOX5 complete coding sequence as query, two similar L. japonicus cDNAs were 
discovered using the Kazusa Genome Sequencing Project server 
(http://www.kazusa.or.jp/lotus/). The two candidate cDNAs, LjFL1-022-DA09 and 
LjSGA_103126.1, both contained predicted homeobox domains, a defining feature of 
AtWOX5. The amino acid sequence of AtWOX5 was aligned with the predicted amino 
acid sequences of LjFL1-022-DA09 and LjSGA_103126.1 (Figure 3.22 A). Of the two 
candidate genes LjSGA_103126.1 shared higher similarity (91%) and percent identity 
(79%) to AtWOX5 than LjFL1-022-DA09 (72% similarity and 55% identity; Figure 3.22 
B). Attempts to PCR amplify the corresponding mRNAs from L. japonicus roots were 
successful for LjFL1-022-DA09; however the LjSGA_103126.1 mRNA could not be 
amplified thus far from any L. japonicus tissue sampled (Figure 3.23). Consequently, the 
LjFL1-022-DA09 was used as a one gene target in subsequent gene expression analysis. 
3.16 Several LjCLE peptides are similar to AtCLE40 
Recently, a family of 39 genes encoding L. japonicus CLE peptides have been 
characterized (Okamoto et al., 2009). In A. thaliana CLE peptides are known to regulate 
developmental processes and cellular differentiation (Wang, 2010). CLE peptides share a  
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 (A)  
                                                  Homeobox domain 
LjSGA_103126.1   1 MEEGNMSGFCIRSGSCTVRGKSGISSGTKCGRWNPTTEQVKLLTELFRAG           
AtWOX5           1 MS.FSVKGRSLRGN.......NNGGTGTKCGRWNPTVEQLKILTDLFRAG           
LjFL1-022-DA09   1 MDENNMSGFCIRGG.......SGGNSGTKCGRWNPTTEQVKVLTELFSSG           
 
                                                          
LjSGA_103126.1  51 LRTPSTDQIQKISNQLSFYGKIESKNVFYWFQNHKARERQKRRKVSYD..                               
AtWOX5          43 LRTPTTDQIQKISTELSFYGKIESKNVFYWFQNHKARERQKRRKISIDFD   
LjFL1-022-DA09  44 LRTPSTDQIQKISTQLSFYGKIESKNVFYWFQNHKARERQKRRKVTFD..                               
 
 
LjSGA_103126.1  99 .......EKDV.VIRRDNFMNASPLSKYYCHLHVCVH.........IHIF                                                   
AtWOX5          93 HHHHQPSTRDVFEISEEDCQEEEKVIETLQLFPVNSFEDSNSKVDKMRAR    
LjFL1-022-DA09  92 .......DKDFNVILRENSMSKNSSKQNYAQFYQVTEPER.VIETLQLF                                                   
 
 
LjSGA_103126.1 132 ..........QNQLCHK.....CY................ 
AtWOX5         143 GNNQYREYIRETTTTSFSPYSSCGAEMEHPPPLDLRLSFL 
LjFL1-022-DA09 133 PLNSFGESESKNLRVHAN...ECRDSAMFSY......... 
 
(B) 
 AtWOX5 LjFL1-022-DA09 LjSGA_103126.1 
AtWOX5 100% 55% 79% 
LjFL1-022-DA09 72% 100% 71% 
LjSGA_103126.1 91% 81% 100% 
Figure 3.22 The L. japonicus LjFL1-022-DA09 and LjSGA_103126.1 share significant 
sequence similarity with AtWOX5 
The peptide sequence of AtWOX5 (Acc. No. NP_187735.2) and the predicted protein 
sequences of LjFL1-022-DA09 and LjSGA_103126.1 were aligned using CLUSTALW and 
analyzed by BOXSHADE 3.21 (http://www.ch.embnet.org/software/BOX_form.html) (A). 
Black outline: identical amino acid residues; grey outline: conservative substitutions; black 
bar: position of the homeodomain. (B) Lower dark gray triangle: pairwise percent 
similarities; upper light gray triangle: percent identities. 
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Figure 3.23 The LjFL1-022-DA09 cDNA can be amplified from Gifu, har1-1 and 
Ljamp1-1 
(A) In an initial amplification attempt only LjFL1-022-DA09 could be detected by RT-PCR 
using the wild-type (Gifu) total root RNA as template. The same LjFL1-022-DA09 band of 
268 bp could be amplified from har1-1 and Ljamp1-1 
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conserved 14 amino acid carboxy terminus domain and act as secreted ligands (Jun et al., 
2010).  
In the context of the RAM, AtCLE40 is known to interact with AtWOX5. 
AtCLE40 controls the expression domain of AtWOX5 by defining the cells distal of the 
RAM QC (Stahl, 2009). A multiple sequence alignment of the 14 amino acid domains 
was created using the 39 LjCLE peptides and AtCLE40 (Figure 3.24). AtCLE40 was 
most closely related to LjCLE15; however LjCLE03, LjCLE06, LjCLE10, LjCLE21, 
LjCLE23 and LjCLE33 were also present in the same clade as AtCLE40. 
3.17 LjCLE family and LjFL1-022-DA09 transcript analysis 
 Gifu, har1-1, and Ljamp1-1 plants were grown for 14 days and their roots were 
collected for quantitative reverse transcription PCR (qRT-PCR). The 39 LjCLE 
transcripts were first amplified under regular RT-PCR conditions to validate the primers 
described by Okamoto et al. (2009). Almost all of the LjCLE transcripts were readily 
amplified from Gifu total root RNA (Figure 3.25). The steady state levels of all 39 LjCLE 
transcripts as well as the LjFL1-022-DA09 mRNA were subsequently quantified across 
the three genotypes. The ubiquitin mRNA was used as the reference target. Three 
biological replicates and three technical replicates were used for each target sequence. 
Fold differences were calculated using the ΔΔCT method (Applied-Biosystems, 2008). 
Many of the transcripts were significantly up or down regulated as compared to Gifu 
(Figure 3.26 and Table 3.4).  
All targets closely related to AtCLE40 (Figure 3.24), with the exception of 
LjCLE23,  showed  significant  change  in  at   least  one  mutant  background.  In  har1-1  
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Figure 3.24 Multiple sequence alignment of 39 LjCLE peptides and AtCLE40 
The 14 amino acid conserved domain of 39 LjCLE peptides and AtCLE40 were aligned 
using CLUSTALW2. The unrooted tree shows amino acid relationships between the set of 
CLE peptides. The pink box shows a clade of LjCLE peptides most related to AtCLE40. 
LjCLE25 and LjCLE28 as well as LjCLE07 and LjCLE08 have identical conserved domains 
so only LjCLE25 and LjCLE07 are represented in the diagram.  
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Figure 3.25 RT-PCR amplification of LjCLE transcripts from the wild-type (Gifu) 
roots.  
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Figure 3.26 Changes to steady-state level of LjCLE gene transcripts in har1-1 and 
Ljamp1-1 as compared to wild-type (Gifu) 
All 39 LjCLE transcripts and the LjWOX5 candidate gene LjFL1-022-DA09 are listed 
with their fold difference from wild-type (Gifu), for which the value was normalized to 1. 
Total root RNA was collected from Gifu, har1-1 and Ljamp1-1 plants after 14 days of 
growth. Fold differences were calcualted using the ΔΔCT method. Gifu was set as 1, 
har1-1 fold differences are shown as gray bars, Ljamp1-1 fold differences are shown as 
white bars. In all cases, values represent the ΔΔCT ± SE. Statistical difference from Gifu 
indicated by “*” (P<0.05, one-way ANOVA; post hoc Tukey’s test). 
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targets LjCLE03 (0.21 fold difference), LjCLE21 (0.54 fold difference) and LjCLE33 
(0.19 fold difference) were significantly decreased while LjCLE23 (1.40 fold difference) 
was not significantly altered when compared to Gifu.  
In Ljamp1-1 LjCLE03 (0.18 fold difference) and LjCLE33 (0.09 fold difference) 
were significantly reduced and LjCLE06 (2.03 fold difference) and LjCLE10 (1.73 fold 
difference) was significantly increased when compared to Gifu. LjCLE15, the most 
similar LjCLE peptide to AtCLE40 was significantly decreased in har1-1 (0.26 fold 
difference), while its steady state level was unaltered in Ljamp1-1.  
Globally Ljamp1-1 experienced more changes in LjCLE transcripts profile with 
26 out of 39 transcripts being significantly altered from Gifu. In har1-1 16 of 39 LjCLE 
transcripts were significantly altered from Gifu. With the vast changes observed in both 
mutant genotypes, a fivefold cut-off was applied to focus on LjCLE transcripts that were 
most dramatically altered. Five targets (LjCLE RS-1, LjCLE RS-2, LjCLE16, LjCLE19 
and LjCLE33) in the har1-1 background and eight targets (LjCLE RS-2, LjCLE03, 
LjCLE05, LjCLE19, LjCLE20, LjCLE22, LjCLE24 and LjCLE33) in the Ljamp1-1 
background surpassed the cut-off.  
Of the targets that surpassed the cut-off value, several were commonly altered in 
both mutant genotypes. LjCLE RS-2, and LjCLE19 was upregulated in both har1-1 and 
Ljamp1-1. LjCLE33 was downregulated in both mutant backgrounds. As the steady state 
levels of these three transcripts were commonly altered in both mutant genotypes, further 
experimentation may reveal if they are involved in root architecture modifications.  
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Chapter 4 : Discussion 
4  
My thesis work shows that the Ljamp1-1 mutation co-segregates with dramatic 
alterations in L. japonicus development. The Ljamp1-1 allele, originally generated 
through an EMS-induced mutagenesis (Murray et al., 2006), was identified and 
characterized by this work. It showed no detrimental effects on L. japonicus symbiotic 
properties; however, it significantly influenced shoot and root growth, leading to an 
altered plant stature. The uncovered interaction between har1-1 and Ljamp1-1 in 
determining the crl1 root architecture represents an entirely novel observation. It suggests 
that the wild-type HAR1 and LjAMP1 genes and their corresponding protein products 
work in unison to regulate L. japonicus root growth, which is required to sustain root 
elongation while limiting root branching.  
4.1 Evidence supporting causality of the Ljamp1-1 mutation   
The inability of both the genomic LjAMP1 and AtAMP1 cDNA construct to fully 
complement crl1, such that the har1-1 parental root phenotype is recovered, could be due 
to an altered hormonal status of hairy roots (Dehio, 1993; Pitzschke and Hirt, 2010). 
Despite this limitation, several independent observations strongly implicate Ljamp1-1 as 
the causal mutation. 
Two different crl1 characteristics, namely the polycotyledon and the altered root 
phenotypes, were used to position the CRL1 locus, both independently mapping to the 
same genomic region on chromosome 1. The segregation of the four phenotypic classes 
in the F2 progenies derived from the backcross of crl1 to Gifu, was in accordance with 
the 9:3:3:1 Mendelian ratio, expected for two unlinked recessive loci. The crl1 phenotype 
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was invariably associated with the presence of both har1-1 and Ljamp1-1 mutant alleles. 
Furthermore, the phenotypic overlap between Ljamp1-1 and Atamp1 is staggering. This 
includes increased lateral root formation, bushy shoots, increased leaf initiations, 
semi-sterility, incomplete penetrance of the polycotyledon phenotype, and presence of 
infrequent Siamese individuals (Chaudhury et al., 1993; Vidaurre et al., 2007).  
When viewed concurrently, these observations build a strong case for Ljamp1-1 
as the causative mutation; however, this does not entirely rule out the possibility of an 
additional mutation in an independent locus that is tightly linked to Ljamp1-1 in the crl1 
mutant. Therefore, additional experiments will need to be perform to unambiguously 
identify the causative nature of the Ljamp1-1 mutation (for further discussion see 
“Perspectives” below). 
4.2 LjAMP1 is not integral to root endosymbioses 
Ljamp1-1 developed normal, Gifu-like nodules, indicating that the presence of the 
corresponding wild-type LjAMP1 gene is not essential in this process. However, at this 
stage of investigation, it cannot entirely be ruled out that a subtle or ephemeral nodulation 
phenotype is associated with the Ljamp1-1 mutation.  
Ljamp1-1 nodules were analyzed at 28 days after inoculation with M. loti, which 
could have provided sufficient time for any early, transitory mutant phenotype to recover 
and appear wild-type. Additionally, nodulation was scored by examining whole unstained 
roots. Previously, our laboratory has employed a M. loti strain carrying the hemA: lacZ 
reporter gene fusion to visualize rhizobial colonization at various time points upon 
inoculation (e.g. Kosuta et al., 2011, Liao et al., 2012). As there were no obvious signs 
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that the nodules formed by Ljamp1-1 are defective and given the limitation of seed 
availability, this analysis was not pursued, although it remains a possible route to directly 
confirm successful colonization of Ljamp1 nodules by M. loti.  
Like Ljamp1-1, the har1-1 mutant develops normal looking nodules but in 
excessive numbers and this has been shown to associate with suppression of har1-1 
growth, the phenomenon defined as the hypernodulation response or HNR (Szczyglowski 
et al., 1998; Wopereis et al., 2000; Figure 3.18). My observations confirm these early 
data and also show that unlike har1-1, Ljamp1-1 forms a wild-type number of nodules. 
Furthermore, inoculation of Ljamp1-1 with M. loti did not lead to HNR. Taken together, 
these observations further suggest that LjAMP1 is not integral to rhizobial symbiosis in 
L. japonicus Gifu.  
It has been proposed that the developmental conditions that enhance the 
frequency of lateral root formation in har1-1 mutant during “nonsymbiotic” growth 
might be the same as those promoting hypernodulation upon infection with M. loti 
(Wopereis et al., 2000). The observation of increased proliferation of lateral roots in 
Ljamp1-1 and absence of the Ljamp1-1-dependent hypernodulation indicate, however, 
that if this regulatory relationship indeed exists, it must be based in a more intricate 
mechanism(s).  
Similar to nodulation, plants homozygous for the Ljamp1-1 allele were unaffected 
in AM formation. The level of root colonization by AM fungi was similar to wild-type 
Gifu plants; however, a significant increase in AM root colonization was observed in the 
presence of homozygous har1-1, supporting previous data. The latter points to a key role 
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of the HAR1 receptor kinase in maintaining the homeostasis of symbiotic interactions of 
L. japonicus with the nitrogen fixing bacteria and AM fungi (Nishimura, 2002). 
Based on these data I have concluded that unlike HAR1, the LjAMP1 locus is not 
relevant to the symbiotic development in L. japonicus ecotype Gifu. When available, 
analysis of additional Ljamp1 alleles, such as those carrying premature stop codons 
and/or null alleles should be performed to verify this supposition (for further discussion 
see “Perspectives” below).  
4.3 HAR1 and LjAMP1 act synergistically to determine L. japonicus 
root growth 
 As already mentioned, the realization of a functional synergism between har1-1 
and Ljamp1-1 in their effect on root development constitutes the entirely novel 
observation.  
Homozygous har1-1 and Ljamp1-1 mutations, each restricts the L. japonicus root 
elongation, leading to similar root phenotypes. Importantly, however, their combinatorial 
effect in the double, homozygous (hhaa) mutant genotype produces the crl1 root 
phenotype, which is not reflected by either of the two single mutant roots (Figure 3.13). 
Thus, the effect of har1-1 and Ljamp1-1 alleles appears additive, which is most 
consistent with the HAR1 and LjAMP1 proteins participating in independent (parallel) 
signaling events that regulate L. japonicus root growth. This notion is supported by the 
observation of reduced root meristematic regions in both mutant backgrounds and the 
tendency of the crl1 double mutant to maintain even more restricted root meristem. 
Importantly, however, unlike HAR1, LjAMP1 is also essential during embryonic and 
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post-embryonic shoot development, which defines the LjAMP1 protein as a global 
regulator of L. japonicus growth.  
4.4 Possible role of LjAMP1 
 The biochemical function of LjAMP1 remains unknown; however, similarity of 
the predicted LjAMP1 protein to glutamate carboxypeptidase II (GCPII) isoform I, also 
known as N-acetyl -linked acidic dipeptidase I (NAALADaseI), suggests a probable 
function. Furthermore, Atamp1 was shown to have six times more endogenous cytokinin 
in comparison to wild-type Arabidopsis, although the functioning of AtAMP1 in this 
context appears indirect (Chaundhury et al., 1993).  
NAALADaseI is an N-terminal membrane bound metalloenzyme that is mainly 
extracellular (Mesters, 2006). The extracellular portion of NAALADaseI has three 
distinct domains, the protease domain, the apical domain and the C-terminal domain 
(Mesters, 2006). These domains correspond to the three predicted extracellular domains 
of LjAMP1, the GCPII-like domain, zinc peptidase domain and the TRF domain, 
respectively, and these domains are also present in AtAMP1 (Figure 3.9).  
Human GCPIIs, NAALADaseI and NAALADaseII, catalyse the breakdown of 
the neurotransmitter N-acetyl-L-aspartyl-L-glutamate (NAAG) to N-acetyl-L-aspartic 
acid (NAA), and glutamate, with the latter being a neurotransmitter as well. HsGCPII has 
also been shown to liberate folate from polygammaglutamate folate and may have 
receptor-like functions (Anilkumar, 2003; Mesters, 2006).  
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The biochemical function of plant GCPIIs is currently unknown but it has been 
postulated that like their mammalian counterparts, they might function in processing 
small signaling peptides and/or folate polyglutamate (Helliwell et al., 2001). Several 
classes of signaling peptides are known in plants, including systemin, ENOD40, 
phytosulfokins, CLAVATA3, CLE and CLEL peptides (Ni et al., 2011; Sablowski, 2011; 
Perilli, 2012; Stahl, 2012). One prediction is that the primary role of AtAMP1 is to 
modulate the level of one or more small signaling molecules that regulate meristemaic 
functions (Helliwell et al., 2001). Although this prediction appears consistent with the 
crl1 phenotype, an obvious candidate signaling molecule that is processed by LjAMP1 
and related plant proteins remains obscure.  
4.5 amp1 mutants and cytokinin 
Arabidopsis mutants carrying various Atamp1 alleles have been shown to have 
increased endogenous cytokinin, and this has been suggested to be linked with the 
observed pleiotropic effect of Atamp1 mutations (Chaudhury et al., 1993; Helliwell et al., 
2001). Chaudhury et al. (1993) suggested that an increased cytokinin level acts as a 
modulator of non-dicot seedling formation. Further study has shown that AtAMP1 
functions to restrict the meristematic activities during embryogenesis and subsequently, 
during post-embryonic shoot and root development (Vidaurre et al., 2007). Abnormal 
divisions of the basal cell-derived cells in Atamp1-1 embryos lead to malformed 
hypocotyls and cotyledons, and in rare cases resulted in the development of a second root 
system (Vidaurre et al., 2007), similar to the Siamese phenotype seen in Ljamp1-1 
(Figure 3.3). Some of these effects are likely due to an altered endogenous cytokinin level 
in Atamp1 mutants. However, as an ectopic application of cytokinin cannot mimic all of 
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the Atamp1 phenotypes (e.g. polycotyly), the increased cytokinin level is being 
considered as an indirect rather than direct effect of the amp1 mutation (Helliwell et al., 
2001).  
In Atamp1 mutants, the increase in SAM size was found to reflect the “strength” of a 
given mutation (Saibo et al., 2007); exogenous application of cytokinin to wild type, but 
not to Atamp1-1, led to an increase in SAM size (Saibo et al., 2007). The RAM was not 
analysed in this study but the authors did note that the Atamp1 mutants were not affected 
in their root elongation without providing any supportive evidence. Separate work 
uncovered, however, that the Atamp1 mutation led to enhanced lateral root formation in 
young seedlings (Vidaurre et al., 2007), which was associated with a greatly increased 
proportion of proliferating pericycle cells. Intriguingly, the har1-1 mutation was 
previously shown to lead to an increased proportion of root pericycle cells undergoing 
division (Wopereis et al., 2000). Assuming a similar effect in Ljamp1-1, this might 
account, at least in part, for the observed synergism between Ljamp1-1 and har1-1 and 
the resulting crl1 root phenotype.  
 Thus, whether the Ljamp1-1 mutation indeed leads to enhanced divisions in the 
pericycle cell layer and is also characterized by increased cytokinin levels constitute 
important questions for future investigations.  
4.6 Signaling network at the RAM: a hypothesis  
A signaling network of the AtCLE40 signaling peptide, the ARABIDOPSIS 
CRINKLY 4 receptor-like kinase (ACR4) and the homeobox transcription factor 
AtWOX5, have been shown to function at the A. thaliana RAM to maintain and organize 
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the stem cell niche (Figure 1.1) (Stahl, 2009, 2012). It is likely that a similar regulatory 
network operates in L. japonicus roots and that the HAR1 receptor kinase partakes in this 
or related signaling events. Furthermore, the data as generated by this thesis indicate that 
the functioning of the regulatory network(s) at the RAM is also modulated by LjAMP1.  
HAR1 functions in a long distance shoot-to-root autoregulatory mechanism to limit 
nodulation events (Buzas and Gresshoff, 2007). However, this LRR-RLK receptor exerts 
predominantly local control on the root development while it has no apparent role at the 
SAM (Wopereis et al., 2000; Buzas and Gresshoff, 2007).  
Following these assumptions, I have identified two candidate genes, namely 
LjFL1-022-DA09 and LjSGA_103126.1, as possible L. japonicus orthologs of the 
AtWOX5 gene. Further research will be required to established weather one or both of 
these genes participate in the regulation of the L. japonicus RAM in a manner similar to 
AtWOX5 (Perilli, 2012) and if they are regulated by HAR1. The qRT-PCR data obtained 
thus far suggest at least some level of negative regulation of the LjFL1-022-DA09 gene 
expression by HAR1 and also LjAMP1, as the steady state of the LjFL1-022-DA09 
mRNA was somewhat increased in har1-1 and Ljamp1 mutant backgrounds.  
4.7 LjAMP1 and CLE genes 
It has been observed that the har1-1 mutation leads to significant changes in the 
steady-state level of at least a few LjCLE mRNAs in uninoculated L. japonicas roots 
(Prof. M. Kawaguchi, Japan; personal communication). CLE peptides, such as 
CLAVATA3 and AtCLE40, are major signals governing stem cell fate (Jun et al., 2010). 
Although LjAMP1 is unlikely to directly regulate gene transcription, its presumed 
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signaling products could participate in feed-back regulatory mechanisms that impact the 
CLE gene expression. The identification of such changes could potentially suggest a 
point of intersection between HAR1 and LjAMP1 dependent mechanism for root 
development.  
To gain insight into this particular molecular aspect, the steady state levels of all 
39 L. japonicus LjCLE gene transcripts were studied in Ljamp1-1 along with har1-1 and 
wild-type Gifu as reference genotypes. The sheer number of changes observed indicates 
significant reprogramming of the root LjCLE transcriptome in both single mutant 
backgrounds as compared to wild-type Gifu. Given that no clear-cut functions have yet 
been assigned to any of these LjCLE peptides, the biological consequence of the 
observed transcript fold differences are difficult to address. Nevertheless, several 
interesting observations can be made.  
The Ljamp1-1 mutation led to rather wide-spread changes, involving many more 
members of the LjCLE gene family in comparison to har1-1, which might reflect a highly 
pleiotropic character of the former mutation. 
LjCLE19, LjCLE20 and LjCLE24 were the most upregulated in uninoculated 
Ljamp1-1 roots, with the steady state level of LjCLE19 being also significantly enhanced 
in har1-1 in comparison to Gifu, although to a lesser extent than in Ljamp1-1. It is worth 
noting that the expression of LjCLE19 and LjCLE20 has been previously shown to be 
altered in L. japonicus roots by phosphate availability (Funayama-Noguchi et al., 2011), 
the conditions that in other plant species are known modulators of root architecture, 
including stimulation of cluster root formation (Neumann and Martinoia, 2002). It 
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remains to be seen whether HAR1 and LjAMP1 dependent signaling partakes in root 
responses to Pi status. 
The levels of LjCLE RS-1, LjCLE RS-2 mRNAs were also upregulated in 
uninoculated Ljamp1-1 roots, although to a lesser extent than in har1-1. Previous data 
showed that the steady state levels of LjCLE RS-1, LjCLE RS-2 transcripts are also highly 
upregulated in Gifu roots within 24 hours upon inoculation with M. loti and their 
overexpression in transgenic plants supresses nodulation in a HAR1 dependent manner 
(Okamoto, 2009). The regulation of these particular CLE genes under both non-symbiotic 
and symbiotic conditions might reflect the nodes of interlinking regulatory pathways that 
integrate nodulation within the global root/plant architecture.
 
The identification and 
functional characterization of such plant functions is of great importance if rational 
consideration on improvement of roots is the ultimate goal. 
Finally, both har1-1 and Ljamp1-1 mutants showed significantly decreased steady 
state levels of LjCLE03 (0.21 and 0.18 fold difference from Gifu, respectively), LjCLE05 
(0.21 and 0.14 fold difference) and LjCLE33 (0.19 and 0.09 fold difference). Importantly, 
the corresponding LjCLE33 and LjCLE03 peptides belong to the clade that encompasses 
AtCLE40 (Figure 3.24). The qRT-PCR data suggest that LjAMP1 and Har1 act as 
positively regulators of these three CLE genes. Loss of AtCLE40 is accompanied by 
shorter Arabidopsis roots with irregular root tips, with the former feature mimicked in 
both har1-1 and Ljamp1-1 (Stahl, 2009). 
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Chapter 5 : Perspectives and Long Term Goals 
5  
5.1 Perspectives 
This work presents the identification and molecular characterization of the 
L. japonicus LjAMP1 gene and shows that it works in a synergistic manner with the 
HAR1 receptor kinase to regulate root growth. As LjAMP1 represents a new element of 
the regulatory network for root development, more questions were generated than 
answered, which bodes well for the continuation of this research. There are some key 
experiments however, which ought to be addressed first in order to fully solidify 
conclusions and predictions that were made.   
Without compelling evidence for the Ljamp1-1 mutation being causative, no 
further progress can be made. As mentioned before, complementation via A. rhizogenes 
mediated hairy root transformation may not be amenable in this situation. This might also 
be true for a complementation approach based on fully transgenic plants, as the 
regeneration could be prohibited in Ljamp1 background. Nevertheless, the identification 
of additional deleterious Ljamp1 alleles should be possible by using either the 
L. japonicus Targeting Induced Local Lesions in Genome (TILLING) resource (Perry, 
2003) or recently developed collection of L. japonicus LORE1 transposon mutants 
(http://users-mb.au.dk/pmgrp/index.html; Fukai, 2012; Urbanski, 2012). The allelism 
tests and demonstration of similar phenotypic outcomes should constitute the sufficient 
proof for causality of the Ljamp1 mutation.   
The size of the RAM has been showed to be decreased in all three mutant 
genotypes, including crl1. Better insight, however, is necessary to clearly define the 
86 
 
 
 
7
3
 
impact of the Ljamp1-1 mutation on the root. More sophisticated microscopy of Ljamp1 
root sections will be required to further evaluate the RAM, determine the position of the 
root differentiation zone, as well as analyze the pericycle cell layer in the context of 
lateral root proliferation. This should define the defect more precisely and allow for 
comparisons with har1-1 and other mutant lines to be solidified.    
Experiments detailing hormonal status of each of the three mutant genotypes 
might also be important. In particular, testing whether indeed the Ljamp1-1 mutation 
leads to increased endogenous cytokinin levels should be informative. This could provide 
additional evidence that the AtAMP1 and LjAMP1 genes share similar function.  
Finally, the LjCLE gene expression should be tested in the double, crl1 mutant.  
Along with the already available information from single mutants, this might help in 
identifying key LjCLE genes for subsequent analyses while providing further support for 
the postulated functional synergisms between Ljamp1-1 and har1-1 alleles.   
5.2 Long-term vision 
One goal of agricultural science is to construct “designer roots”, an underground 
organ of pre-determined architecture that maximizes nutrient uptake under a specific soil 
condition. In addition to adaptable elongation and later extension capabilities, this organ 
would be expected to have such attributes as exceptional nutrient sensing, mobilization 
and transport. The realization of this vision will certainly require commitment to a 
long-term basic research. In this context, detailed understanding of the synergism 
between HAR1 and LjAMP1 in determining root development should provide important 
clues towards reaching this important overall goal. 
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Appendices 
Appendix A: Full primer listing 
 
Genotyping Primers: 
har1-1 CAPS F CCTGAAACCGTAATCGTTCC 
 R TCACAGAGCATCCTGTCCTTC  
Ljamp1-1 Bi-PASA 
Outer 
F ATACTGATCCCTGTTTTCTACCAG 
 R AACTGAGTTGATAATTAGCCAGAG 
Ljamp1-1 Bi-PASA 
Inner 
F GGGGCGGGCGTCTGTTCATGCAGATAGGA 
 R GGGGCGGGCGCCCACTCAGTGGATCTTA 
Mapping Primers: 
1391-1  F CCATCAAAATGTTGTAAGCA 
 R TCTTTCAATTCAGCCATACA 
1565-02 F CGGTGGCTATCTTGTTTGTGT 
 R GTGTGTTGTGGCGATTAAGGT 
2202-01 F TGAGCATTGTGATTGGTGAGA 
 R TACCTCATCGGTTCCAAAATG 
0397-1 F GGTTCAGCCTTCAAGGACAT 
 R TGATTTTGTGGGTGTGTGAGA 
0867-03 F GAGGTTGGACTTGGACACAAA 
 R GTGCACAAAAAGCAACATTCTC 
0029-01 F CCTATATAACCTTATTCAAATTGG 
  R ACGAAAACAAAACCCTGCTG 
 0361-04 F GTTTTTCATTCTCAACGGCTAC 
  R GATTGTGTTGTGGGCTCAGTC 
 2202-04 F TCCAACTCCAAGCTTCAAGA 
 R AGGTGTCATGGAATTGTGAGG 
qPCR Primers: 
LjCLE RS-1 F TGCAAGTGTCGATGCTCATAGC 
  R GATGTTTTGCTGAACCAAGGGATA 
 LjCLE RS-2 F GCTCGTAATCTCCAAATCATTCACA 
  R GGTGAGAGTCTTTGCTGTTGATATCC 
 LjCLE03 F GTTCCAACACAGTGGCAAGGA 
  R GCATTTGTGAGCATCATCAAGTG 
 LjCLE04 F GAAAAGGAAGAGCCTTCAGTTGTTG 
  R CTTGGACCCTGCTTTCGATTC 
 LjCLE05 F GACGCTCGAAGACTGGAAAGG 
  R TCCTCAAGAGCAACTCGATAACG 
  
97 
 
 
 
7
3
 
LjCLE06 F TACTCTTCTGTTCCTCACACCAAGTG 
  R TTGCAAATGGGTGAAAAAAAGC 
 LjCLE07 F TCCAAAATCCTCAACCTGTTTCC 
  R TTTCCAAATCTACATGGCTGACAA 
 LjCLE08 F TAAAGCAGCATCTGGGAAAACC 
  R TTGCATCTTTTCCACCATGGA 
 LjCLE09 F CCAAGTTGATGCTATTCGTGTGTTC 
  R TGTTTAGACCAAAAGTTCTTCCACTGA 
 LjCLE10 F TGGCTTTCTTGGTATTGCTGTTG 
  R CCTGATGGCACACCTCTCTTG 
 LjCLE11 F AACAACAGGGACCCAACACAGA 
  R GAAGAAGATTGCTAGATAGTTGATGATCAG 
 LjCLE12 F CGGTCCCTCCAATATATAGAGTTTCTC 
  R GCAGTAGAGTATTGCTTGGTAATTTATCTGT 
 LjCLE13 F AACCATGGAGTATTAGGAGCTGA 
  R AAGCTCCTCGAGATGTTCCA 
 LjCLE14 F TTGGTTTGAAGGCTAATCTGCAA 
  R CATGTCTCACAGGGCTATGGA 
 LjCLE15 F CCCTCTCATCAATATCACTCTTTGGTA 
  R CACCATAGCGCGGATCGA 
GAACCTCGTCCACTTGGTAATTTG 
 
LjCLE16 F  
  R GCTTTCCCCTGTGAGTGAGAATG 
 LjCLE17 F GGGTGTGTCTTCCTGATATTATTAAGCA 
  R CTGGAGGCTTGAGTTTGTGTACATG 
 LjCLE18 F TCAGAGGCAAGACTTTTCCCTAAG 
  R TTTCCCCGCCAGCATTG 
 LjCLE19 F TCAGAGGCTAGAGTTTTCCCTGAGT 
  R TCCTCCAAGCATTGACCTCTTC 
 LjCLE20 F TGTAATGAGTTCAGAGGCAAGAGTTC 
  R CTCCTCTCACTATTTTGCATCTTGTTG 
 LjCLE21 F TCCTTCTCTTCCTTACACCTACTTCTCA 
  R TAGGAGACTCACCCCCAAGATG 
 LjCLE22 F CCTATGGCAATTAGGTGGAGAATG 
  R CTGCTTGAGCGTGTGAAAGGA 
 LjCLE23 F AAAGCTCCTCCACTACTGCACATG 
  R TCCTTCACCTGTGTTCTGTCTCAAG 
 LjCLE24 F AGTTTTCTCTTCCTGAGCACTGTCA 
  R AACCCAATGCTGAAAGAGACCTTA 
 LjCLE25 F GAGGGACAGTTGCCATTTGTTAGA 
  R GCGCGGACTCCATCTTTGA 
 LjCLE26 F GGGTCCAAAGAGAGGAAGGTCTAG 
  R TCATGGTCACTTGCATTGAAGATC 
 LjCLE27 F CCCTTTCCATTCCCAAAAGC 
  R ATTTGAACGGGAAACAGGATGA 
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LjCLE28 F CATACATGGTTTCTGGCCTGAGA 
  R GCAACAGCTTTTAGAACACGAGAGA 
 LjCLE29 F CAAAGAACTCCCAAAGTTCATCTAAGG 
  R GTTTGGACCACTTGGAACTTCATG 
 LjCLE30 F ATATCAATTCAACCGGAGGAAGTG 
  R CAGCATTATCCTGTGGTCTTTTAGG 
 LjCLE31 F GCAACCACTCAAAGGAATTAGAGAAC 
  R CTTCATGCTCACTGCCATTGAAG 
 LjCLE32 F CCCAAATGACTTTTCCTACCTC 
  R TGAAACATTATCGCGTGAACA 
 LjCLE33 F CCCTTCTCTTGCAGCCACTA 
  R TGTGCTTGGTGACTCTGCTC 
 LjCLE34 F TAGGCACCTGATTTTGGCTACTG 
  R TTATCGAGGAGGCCGTGGTA 
 LjCLE35 F TTGCATCATGTTCTCTGGAGTTTC 
  R TTTTCAAGGAGACATGAGCTAGCA 
 LjCLE36 F ACACACCACGCTTCCATTGC 
  R CGTGAAGACCAGAAAGATGAGACTAAG 
 LjCLE37 F CAAATCCTCCCTGTCCAAGA 
  R CGCCAAGATGCTGGTAAGTAA 
 LjCLE38 F TCGGCCGAGTCCATCAAC 
  R CGCAGCAGCACAGGAAGAG 
 LjCLV3 F AATGCTGCCTATGGTTGCTC 
  R TGGTGATCCTTGCAGTACCC 
 LjFL1 F TTCTATCAGGTTACAGAGCCAG 
  R ACACACCCTCTCCTTTCTCAC 
 Ubiquitin F ATGTGCATTTTAAGACAGGG 
 R GAACGTAGAAGATTGCCTGAA 
Complementation Primers: 
LjAMP1_fullcopy F AAAGCAGTAATCCTTCGAGCCCATTG 
  R TCCCACGATTTATAGCATCGTTGTATC 
 5’ RACE Primers: 
5’ OUTER F GCTGATGGCGATGAATGAACACTG 
 R GAGCGAGGGAAATACACTGC 
5’ INNER F CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG 
 R GGGTCTTGCCATTATGTTCTTC 
3’ RACE Primers: 
3’ OUTER F GCGAGCACAGAATTAATACGACT 
 R TTCTTCCCCGGGATTAGTGA 
3’ INNER F CGCGGATCCGAATTAATACGACTCACTATAGG 
 R TTCCAGAGCCATTCATAGAGC 
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